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Executive Summary

EXECUTIVE SUMMARY

This study develops an approach for exploratory analysis to investigate whether and how the
distribution of bowhead whales (Balaena mysticetus) in the Alaskan Beaufort Sea during autumn is
affected by human activities, while simultaneously investigating and allowing for the influences of natural
environmental factors on bowhead distribution and sightability. This study is based on analysis of aerial
survey, industrial activity, and environmental data from the 1996, 1997 and 1998 autumn migration
seasons. It was designed as Phase I of a study initiated by the Minerals Management Service (MMS).
Phase 11, if it proceeds, would expand and apply the approach to incorporate data from additional years,
and to address additional questions and hypotheses about influences of natural and anthropogenic factors.
The results from Phase I concerning potential effects of various variables should be considered
preliminary, given the exploratory nature of the analysis, the limited number of years considered, and the
fact that the statistical models were not fully optimized given the preliminary nature of the work.

Prior to the start of the present project, numerous objectives and hypotheses were formulated as
part of a Feasibility Study. These objectives and hypotheses concerned the influences of seismic surveys,
offshore drilling, ice breaking, shallow-hazards surveys, and subsistence whaling, plus the combined
influences of some of these activities, on bowhead distribution. Objectives were also formulated concern-
ing the influences of natural factors like ice cover, distance from shore, bottom slope, water depth,
longitude, date, and year on bowhead distribution and numbers. Also included were various objectives
and hypotheses concerning the influences of sightability factors like sea state, visibility, survey altitude,
aircraft type, and survey type on the numbers of bowhead whales expected to be seen during aerial
surveys.

This Phase I study attempted to address 7 of the 17 Objectives/Hypotheses outlined in the
Feasibility Study. Most of those not included were deferred because the anthropogenic activities involved
in those particular objectives (offshore drilling, icebreaking, etc.) did not occur during the three years
considered in the Phase I work.

The decision to base Phase I on the 1996-98 data was a key decision made early in Phase I. Aerial
survey data were available from numerous sources covering a wide range of years (1979-1998), during
which a variety of types of industry activity occurred. For Phase I, we selected data from 1996-98 based
on criteria discussed in a Study Plan that was refined in consultation with MMS. The offshore activities
in 1996-98 were mainly limited to marine seismic operations. Aerial survey data for Phase I were
available from three sources: from MMS’s annual aerial surveys of the Alaskan Beaufort Sea, and from
industry- and MMS-sponsored projects conducted by LGL. < The MMS surveys covered a broad
geographic area each year. * The LGL surveys for BP Exploration (Alaska) Inc. and Western Geophys-
ical Inc. in 1996-98 provided intensive survey coverage over a relatively small geographic area focused
on areas with seismic surveys. ® LGL’s aerial surveys during the MMS-sponsored bowhead feeding study
occurred in the eastern portion of the Alaskan Beaufort Sea. In addition to aerial survey data, other types
of data used in the study included bathymetry, seismic shotpoint, and whaling information. Data from
these various sources were standardized, validated, and compiled into one final data set. These data were
organized to provide bowhead sighting, human activity, and environmental data for many sample units,
each of which nominally consisted of a segment of aerial survey transect 5 km long. We considered
bowhead sightings within a cross-track distance of 5 km (2.5 km on each side of the aircraft), for a total of
25 km” per sampling unit



Executive Summary

A Poisson regression analysis was proposed and applied to quantify effects of human activities
(primarily seismic surveys) on the number of bowhead groups sighted in a sample unit while simultan-
cously allowing for and quantifying the influences of other potentially relevant variables. A Poisson
regression can theoretically show whether and how the number of bowhead whales seen at a given
location changes as a result of industrial, environmental, and sightability factors, and also “occurrence of
whaling”. During the development of the analysis approach, several complications arose associated with
the large number of covariates, quantifying the variable amount of seismic activity, deriving an approp-
riate heterogeneity factor, dealing with potential serial correlation, and deciding whether to assume a
maximum range of influence of seismic sources. Much of the work in Phase I was directed toward
finding solutions for some of these complications.

“Objective 1” of the study was to quantify the numbers of bowhead sightings relative to distance
and direction (E, W, N, S) from a seismic source, the amount of exposure to sound pulses, and time since
exposure. In practice, airgun activity was quantified for the periods 0-1, 1-2, 2-3, 3-6, 6-12, and 12-24 h
prior to the aerial survey. “Objective 3” was to assess whether the seismic effect, if any, is reduced or
absent if there is a barrier island or shallow water between the airguns and the survey area. Ultimately,
two Poisson regression models were chosen to describe the data after dealing with various complications
mentioned above. These models assumed that seismic effects might extend as far as 70 km in each
direction from a seismic source. The models included quadratic terms for seismic effects, scaled using
the seismic activity levels. One of the models included the covariates for the 0-1 hour seismic effect, i.e.,
considering seismic activity that had occurred in the hour leading up to the aerial survey. The other
included covariates representing seismic activity 12-24 hours prior to the survey. Maps showing the
distribution of the expected number of bowhead sightings were generated based on the estimated
coefficients of the regression models. These maps were useful in helping to “visualize” the results of the
analyses and to validate them against what is already known about the pattern of bowhead whale
migration across the Alaskan Beaufort Sea.

In addition to the Poisson regression analysis, a circular randomization test was developed to test
for differences in the headings of traveling bowhead whales during periods with vs. without seismic
activity (“Objective 2”). It was of interest to assess the extent to which the headings of bowheads at
various distances and directions from the seismic vessel are deflected from the typical WNW migration
direction when airguns were operating.

The preliminary Poisson models suggest that, of the natural covariates, only distance from shore
and water depth were significantly (at the 5 % level) related to the number of bowhead sightings during at
least one of the three years considered. After allowance for other variables, there were no statistically sig-
nificant relationships between bowhead occurrence and any of the following: percent ice cover, bottom
slope, date within season, and year. More bowheads appeared to be sighted in intermediate water depths,
and in some years sightings occurred at intermediate distances from shore as compared with close to and
far from shore. These preliminary results are consistent with what one would expect, given the known
tendency for the bowhead migration corridor to be concentrated over the middle and outer continental
shelf, at least in years with low to moderate ice cover. The inclusion of more years of data in analyses
similar to those done during this study, and the refinement of certain covariates (i.e., bottom slope), would
be helpful in refining the understanding of relationships between natural covariates considered in Phase |
and the expected number of bowhead sightings.

The preliminary Poisson models suggest that, of the sightability covariates, only survey type
(MMS vs. LGL) was significantly (at the 5 % level) related to the number of bowhead sightings. After
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allowance for other variables (see below), there were no statistically significant relationships between
bowhead occurrence and any of the following: sea state, visibility, survey altitude, and aircraft type.
However, the relationship to visibility was positive and very close to significant at the 5 % criterion.
With larger sample size (after inclusion of additional years), additional relationships would likely become
evident.

With regard to Objective 1, seismic surveys within the general area tended to reduce the number of
bowhead whale groups that were sighted per sample unit. The reduction is statistically significant in the
present preliminary statistical models. However, further investigation of the goodness-of-fit of the
models, and associated model refinements, are required before specific conclusions can be drawn about
the spatial scale, directional properties, and magnitude of seismic effects. While the results of analyses to
date indicate that nearby seismic activity results in a reduction in bowhead numbers, probably both along
the north-south axis and the east-west axis, the spatial extent of the effect cannot be determined with
confidence from the preliminary models.

With regard to Objective 3, the analysis did not show any appreciable improvement in the predic-
tions of sighting probability when minimum water depth between the seismic vessel and observation area
was taken into account. This was somewhat surprising, given earlier indications that the closest sightings
of migrating bowheads to operating seismic vessels tended to occur in circumstances with shallow water
(or gravel bars) between the vessel and the whales. The lack of clear evidence (from the preliminary
Poisson regression models) for such an effect may be a result of low sample size in the most critical
conditions. Alternatively, it may mean that the “minimum water depth” measure that we used was not a
very good measure of the sound attenuating effect.

With regard to Objective 2, overall, there was some evidence that the headings of traveling bow-
head whales were significantly different during periods with vs. without seismic activity. However, the
evidence was not very convincing within any one specific distance and direction category relative to the
seismic vessel. Consideration of data from additional years would provide larger sample sizes.

Overall, the results of Phase I are encouraging and we recommend that Phase II of this study
proceed. Several recommendations for Phase II, particularly pertaining to data structure and the Poisson
regression approach, are provided in the Discussion section of this report.

vii
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Introduction 1

INTRODUCTION

This report describes the results of Phase I (of potentially two Phases) of a study initiated by the
Minerals Management Service (MMS) for the purposes of assessing the effects of industry and natural
factors on the distribution of bowhead whales (Balaena mysticetus) in the Alaskan Beaufort Sea during
late summer and early autumn. This preliminary and exploratory study suggests an analysis approach for
investigating whether and how the distribution of bowhead whales in the Alaskan Beaufort Sea during
their autumn migration has been affected by human activities, while simultaneously allowing for the
influences of natural environmental factors on bowhead distribution and sightability.

Background

Hydrocarbon exploration and development activities have been conducted in the Alaskan Beaufort
Sea for over 25 years. These activities have included shallow-hazard surveys, seismic exploration,
construction of artificial islands and causeways, drilling for exploration and production, construction of
underwater pipelines, vessel traffic, aircraft traffic, and numerous other associated activities. Much
concern has been expressed about the possible effects of this offshore industrial activity on the Bering-
Chukchi-Beaufort stock of bowhead whales. This population is currently listed as Endangered under the
U.S. Endangered Species Act, and is classified as a strategic stock by the U.S. National Marine Fisheries
Service (Angliss et al. 2001). In addition there is a subsistence hunt by Alaskan aboriginals during the
spring and autumn migration of the bowhead whale. Along the Alaskan Beaufort Sea coast, subsistence
hunts occur at Barrow during spring, and at Kaktovik, Cross Island, and Barrow during autumn.

Annual studies of the timing and routes of autumn bowhead migration through the Alaskan
Beaufort Sea have been funded since 1979 by the MMS or, in early years, the Bureau of Land
Management (e.g., Ljungblad et al. 1988; Treacy 2002b). These studies, based on broad-scale aerial
surveys, were conducted in part to monitor the effects of offshore industrial activities on bowhead whale
distribution and behavior. MMS also funded multi-year studies of bowhead feeding ecology in the
eastern Alaskan Beaufort Sea, and those studies involved aerial surveys for bowheads in that portion of
the Alaskan Beaufort Sea. In addition to the MMS studies, there have been numerous site-specific
industry-funded studies of the effects of industrial activities (e.g., geophysical exploration or offshore
drilling) on bowhead whale distribution and behavior during autumn migration. Most of these studies
have included intensive site-specific aerial surveys in parts of the Alaskan Beaufort Sea (e.g., LGL and
Greeneridge 1987; Hall et al. 1994; Miller et al. 1999).

MMS recently funded the compilation of a Human Activities Database (HAD) (Wainwright 2002).
The general objective of that study was to compile a readily-accessible and quantitative HAD for the
Alaskan Beaufort Sea for the years 1979 through 1998. One component of that project was an
examination of the feasibility of using the HAD and existing aerial survey data to analyze bowhead whale
distribution during the fall migration vs. human activities and “natural” factors (Richardson et al. 2001—
see Appendix A of this report). This Feasibility Study concluded that adequate information was available
for a meaningful analysis of some questions of interest, and recommended that MMS proceed with the
then-planned “analysis of covariance” of bowhead distribution relative to industrial and environmental
factors.

The present study uses some of the data available in the HAD, along with a 3-year sample of the
MMS and industry-funded aerial survey results, to develop and test an approach for examining the
relationships between the distribution of sightings of bowhead whales during their autumn migration
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across the Alaskan Beaufort Sea and, on the other hand, human activities and environmental factors.
Analysis of available data to address specific hypotheses about influences of industry and environmental
factors on bowhead distribution may reduce the need for (and help focus) additional field studies. This
Phase I study analyses a subset (1996-98) of the years (1979-1998) included in the HAD. Phase II, if it
proceeds, is expected to include a larger subset of the years covered by the HAD.

Approach

This study builds upon the HAD and the objectives outlined in the Feasibility Study (Appendix A).
The study was designed to occur in two phases. The primary purpose of Phase I was to provide useful
guidance as to the best analysis approaches, and a basis for judging the likelihood that a follow-up multi-
year analysis (in Phase II) would be successful in characterizing relationships of whale distribution to a
number of natural and anthropogenic factors. The original intention for Phase I was to consider the
effects of multiple types of industrial activity on bowhead whale distribution during a single year. A
primary purpose would have been to develop the structure of a multivariate model that could later be
expanded to include data from additional years. However, after careful consideration in consultation with
MMS, it was decided to use data from three years (1996-98) during Phase I. During those years, the most
prevalent offshore industrial activity was marine seismic surveys (see Methods for further detail about data
selection).

A Poisson regression model was proposed and used to quantify, in a preliminary way, effects of
human activities (primarily seismic surveys) on the number of bowhead groups sighted. A Poisson
regression analysis can theoretically show whether and how the number of bowhead whales seen at a
given location changes as a result of industrial, environmental, and sightability factors, and also
“occurrence of whaling”. Industrial factors considered in Phase I include seismic surveys at various times
up to 24 hours before the whales were observed. Both North-South and East-West components of
location relative to the industrial activity were considered. Assuming that an effect on the number of
bowhead sightings will occur close to the activity while it is active and for some time thereafter, this
approach should make it possible to determine how far away, in space and time, the effect extends. More
specifically, the approach is designed

e to determine the ‘no effect’ distance in all directions away from each type of activity, and a ‘no
effect’ time after activities cease; and

e within that distance and time, to characterize the strength of effect as a function of distance and
direction from each type of activity.

It is recognized, however, that to fully address these questions, additional years’ data and further refine-
ment of the model-selection procedures would be necessary beyond what was possible in Phase .

The approach also included provision to quantify the effects of various environmental and sight-
ability variables on the likelihood of finding whales at a given location. This study differs from previous
statistical approaches used to examine bowhead densities relative to industry (e.g., Davies 1997; Miller et
al. 1999; Schick and Urban 2000) in that it simultaneously accounts for environmental and sightability
effects on the probability of sighting whales at a given location. Also, unlike most previous analyses
(Miller et al. 1999 was an exception), the present analysis uses both (a) MMS aerial survey data from the
Alaskan Beaufort Sea as a whole and (b) site-specific aerial survey data acquired during projects funded
by industry — specifically BP Exploration (Alaska) Inc. in 1996-97 and Western Geophysical Inc. in
1998 — and by MMS.
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This report also documents how aerial survey data were standardized, structured, validated, and
stored. The Objectives and Hypotheses of the study are presented in the next section. In the Discussion,
we make recommendations as to whether and under what circumstances Phase 11 should proceed.

Objectives/Hypotheses

The objectives of this study relate specifically to bowhead whales in the Alaskan Beaufort Sea
during late summer and autumn. The influences of human-activity and natural factors in other areas and
seasons, when bowheads are often engaged in different activities, may differ. There is increasing
evidence that responsiveness of bowheads (as for other cetaceans) can vary depending on the activity of
the animals. Much is already known about the influences of some natural, sightability, and industry
factors on the likelihood of seeing bowhead whales at specific locations. We know that these factors all
do influence the distribution of bowhead whales (or bowhead sightings). Therefore, it can be argued that
it is not meaningful to formulate questions about these influences as conventional “null vs. alternate”
hypotheses. In many cases, previous studies have already convincingly rejected the null hypothesis. In
these cases, the primary reason for conducting additional analyses is to better quantify the magnitude,
geographic extent, and duration of effects that are already known to exist, taking account of more data
than in past studies, and allowing for the influences of confounding factors to a greater extent than in the
past. In these cases, rather than list a null vs. alternate hypothesis, we now state the objectives of the
analysis, which are generally (a) to better quantify the known effects, and (b) to take those effects into
account when attempting to test for and/or quantify the effects of other factors. For other factors whose
influence (if any) on the probability of sighting bowhead whales is uncertain, the objectives are stated in
the terms of a “null vs. alternate hypothesis” formulation. A nominal 5% level of significance is used for
tests, although we also regard the P-value as a general measure of the strength of the evidence against the
null hypothesis.

The Objectives/Hypotheses were originally presented in the Feasibility Study (Richardson et al.
2001), modified slightly in the Study Plan (LGL Ltd. 2003), and modified once again here to reflect a
change in statistical analysis approach (Poisson vs. logistic regression). However, to facilitate cross-
referencing, the numbering sequence adheres to that presented in the Feasibility Study. Objec-
tives/Hypotheses are organized into three main groups; those that address (1) natural environmental, (2)
sightability, and (3) human activity influences on the likelihood of sighting a bowhead whale. They are
listed in this order because, conceptually, the intent is to assess the influence of human activities after
allowing for the influences of natural environmental and sightability variables. Some objec-
tives/hypotheses outlined in the Study Plan could not be addressed in Phase I given the limited scope of
this Phase; these are listed in Appendix B. During Phase I, we attempted to address in part or full 7 of the
17 Objectives/Hypotheses outlined in the Study Plan, based on data from 1996-98. These
Objectives/Hypotheses are described below.

Natural Factors

Many natural factors are known or expected to influence the distribution of migrating bowheads, or
the probability of detecting them, or both. Previous studies have not attempted to take simultaneous
account of the wide variety of factors (natural and industrial) suspected to influence sighting rates of
bowhead whales during aerial surveys. Also, most previous analyses of natural factors affecting sighting
rates have been based on the MMS area-wide surveys and have not used the results of industry-funded
site-specific surveys. Objectives 13, 15, and 16 address the potential influences of natural factors like ice
cover, distance from shore, water depth, longitude, date, and year on the expected number of bowhead
sightings. The factor ‘year’ was not included in the Study Plan for Phase I as the original intent was to
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analyze data from one year only. However, with the decision to use data from three years in Phase I,
“year” became a relevant factor. Also, Objective 13 has been further modified to subdivide it into two
components, one dealing with natural factors and the other with sightability factors.

Objective 13 (Natural Factors)

To quantify the number of bowhead sightings expected to be observed relative to percent ice
cover, distance from shore, bottom slope, water depth, longitude, date within season, and year.

Objective 15

To quantify the relationship between the preferred distance from shore (or preferred water depth)
and date within season, and the effect of this interaction on the number of bowhead sightings
expected to be observed.

Objective 16

H,: Peak number of bowhead sightings expected to be observed occurs progressively later in the
season with increasing longitude.

H,: Peak number of bowhead sightings expected to be observed does not occur progressively later
in the season with increasing longitude.

Sightability Factors

During an aerial survey, environmental conditions like sea state, visibility, and ice cover are known
to affect an observer’s ability to detect bowheads. The effects of these factors on bowhead sighting
probability (specifically, the fall-off in detectability with increasing lateral distance) have been investi-
gated as part of the MMS-funded bowhead feeding study (see Thomas et al. 2002). The feeding study
also investigated the influence of aircraft type and survey altitude on lateral distances of the bowheads
sighted. Aircraft type, survey altitude, and survey type (MMS vs. LGL) are all covariates considered in
Phase I of this study. The factor ‘survey type’ was not included in the Study Plan. As previously
mentioned, Objective 13 as originally formulated dealt with both natural factors affecting bowhead
distribution and sightability factors affecting probability of detecting bowheads that are present. Objec-
tive 13 has been revised to distinguish these two types of factors.

Objective 13 (Sightability Factors)

To quantify the number of bowhead sightings expected to be observed relative to sea state,
visibility, survey altitude, aircraft type, and survey type.

Human Activities

For Phase I, only objectives concerning influences of marine seismic surveys and subsistence
whaling on bowhead density are considered. Objectives concerning influences of drilling, icebreaking,
and shallow-hazards surveys, and the combined influences of some of these (and seismic) activities, could
be addressed in Phase II incorporating data from other years with more variable industry activities.
(Those other types of activities were absent or infrequent in 1996-98, the years considered in Phase I.)
Effects of “regular” boat traffic could not be addressed because available data on boat movements were
incomplete. If reactions of bowheads to other vessels could have been considered, this presumably would
have accounted for some of the residual variability and would have improved the ability to characterize
the influences of seismic surveys and other factors. However, given the known large scale responses of
migrating bowheads to seismic surveys (Miller et al. 1999) as compared with their responses to other
vessels (Richardson et al. 1985, 1995), it was assumed that seismic effects could be modeled even without
consideration of other boat traffic.
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Objectives concerning potential disturbance effects from human activities are worded in terms of
distance from the source of disturbance. They could, in theory, be reworded in terms of received sound
levels. However, as discussed in the Feasibility Study (Appendix A) and in Marko (2001), many of the
necessary geoacoustic data are not available at the present time. Also, there is merit in expressing the
results in terms of easy-to-visualize distances rather than sound levels.

Seismic.—The potential effects of seismic survey activities were considered in terms of time and
space. For example, it is hypothesized that the effects of a seismic survey within the hour preceding the
aerial survey of a given location on the probability of observing a whale there depend on how far north
and east (or south and west) of that location the seismic survey is located. Similarly, the effects of seis-
mic surveys occurring at other times in the past will depend on these distances, though probably not in the
same specific way. The analysis approach accounted for the multiple ‘questions’ posed in Objective 1
(below). We also consider whether presence of “acoustic barriers” (i.e., barrier island or shallow water)
between a seismic source and a survey location influences the probability of sighting a bowhead there.

Objective 1

Quantify the number of bowhead sightings expected to be observed relative to distance and
direction (E, W, N, S) from a seismic source, amount of exposure to sound pulses, and time since
exposure. More specifically, we assess the change in the number of bowhead sightings expected to
be observed

e with distance inshore and offshore of the seismic vessel at times when the airguns are operat-
ing;

o with distance east and west of the seismic vessel at times when the airguns are operating; and

o with the passage of time since the termination of seismic surveys.

Objective 2

H.: The distribution of headings for “traveling” bowheads is deflected from the typical WNW migratory
direction at distances up to w km east of the seismic vessel at times when the airguns are operating.
[Bowheads recorded as being engaged in activities other than “traveling” should not be considered
when addressing this hypothesis about traveling bowheads.]

H,: The distribution of headings for “traveling” bowheads is not deflected from the typical WNW
migratory direction east of the seismic vessel at times when the airguns are operating.

Objective 3
H,: Operating airguns have reduced or no effect on the number of bowhead sightings expected to
be observed if there is a barrier island or shallow water between the airguns and the whale sighting.

[This hypothesis has not been tested formally in previous studies, but there is evidence that it is
true — see Miller et al. (1999).]

H,: Operating airguns have the same effect on the number of bowhead sightings expected to be
observed if there is a barrier island or shallow water between the airguns and the whales.
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Subsistence Hunting.—Only very limited data were available on specific locations and timing of
whaling activities in 1996-98. However, we have structured the preliminary statistical model to include
an “approximate” measure of whaling activity that addresses Objective 17. If a similar analysis is done
for future years when more specific information about whaling may be available, the possible effects of
nearby whaling on the probability of sighting bowheads could be tested more effectively.

Objective 17

H,: The number of bowhead sightings expected to be observed tends to be reduced within whale
hunting regions during the date range when hunting occurred within the region and year in
question.

H,: The number of bowhead sightings expected to be observed does not tend to be reduced within
whale hunting regions during the date range when hunting occurred within the region and year in
question.

METHODS

Selection of Data for Phase 1

Numerous criteria were evaluated to determine which year(s) of data to analyze in Phase I. The
Study Plan (LGL Ltd. 2003) discusses these criteria and provides details of the selection process. The
following text summarizes the selection process.

It was originally planned that Phase I would involve the analysis of a single year of data collected
during the 1979-1998 period, and we initially sought to identify the most suitable year for consideration
in Phase I:

e An “Index of Completeness and Adequacy of Information in the Human Activities Database”
(see Table 1 in LGL Ltd. 2003) was generated. Information documenting the industrial activities
was most complete and reliable for the years from 1990 to 1998.

e [t was originally intended that, during Phase I, we would initiate studying the combined effects of
multiple types of industrial activity on bowhead whale distribution. It was thought that develop-
ing an approach to investigate the influences of more than one type of industry activity on bow-
head distribution would be useful in preparing for Phase II even though a single year of data
probably would not, in itself, allow for a meaningful analysis. Rather, it would provide a basis
for judging the likelihood that a follow-up multi-year analysis would be successful in character-
izing relationships of whale distribution to a number of natural and anthropogenic factors.

e Within the 1990-98 period, the industrial activities considered most likely to have a major
influence on bowhead whale distribution were seismic exploration and offshore drilling,
particularly drilling from drillships. Only the years 1991 and 1993 had both seismic surveys and
offshore drilling from drillships.

e Dirillship operations typically require support from icebreakers. Because icebreaker operations
could potentially influence bowhead distribution (Richardson et al. 1995a,b) and are not well
documented in the HAD, the minimal data on icebreaker activity was considered an important
limitation in the dataset, especially for 1991. The 1993 season had very light ice conditions and
icebreaking services were not required during the autumn bowhead migration whereas drilling
activities in 1991 did require icebreaking support. Therefore, for 1993 the absence of detailed
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information about icebreaking operations should not confound conclusions about the effects of
either seismic surveys or drilling operations.

e In addition to considerable drillship and seismic activity, 1993 also included substantial aerial
survey coverage by both MMS and COPAC, with numerous bowhead whale sightings (Hall et al.
1994; Treacy 1994). For example, MMS recorded 235 sightings of 353 bowheads according to
the original dataset developed by Treacy (1994). Unfortunately, a serious limitation of 1993 as a
“test” year is that the COPAC data we obtained were lacking the visibility and sea state data that
were recorded during those aerial surveys. We attempted to obtain a more complete version of
the COPAC dataset. However, those efforts were unsuccessful, and we concluded that, in the
absence of the detailed COPAC data, it would be better to select another year (or years) for the Phase I
study.

As an alternative, data from 1998 or combined years 1996-98 were considered suitable for Phase I. The
offshore human activities during these years were mainly limited to marine seismic operations, in contrast to
the more variable activities in 1993. However, the use of combined years 1996-98 would have the advantage
of giving us the opportunity to work with multi-year data in Phase I, which would be helpful in preparation for
possible multi-year analyses in Phase II. The combined 1996-98 data would also include a greater diversity of
ice conditions than present in 1998 (which was an especially light ice year). We had already worked
extensively with the 1996-98 data on behalf of industry (Miller et al. 1999). Those data would, therefore,
require less preparation than would have been required to organize the 1993 data, thereby making it practical
to work with 3 years rather than the planned 1 year during Phase I. We decided (with MMS concurrence) to
base the Phase I analyses on data from combined years 1996-98.

Aerial Surveys

During the autumns of 1996-98, aerial surveys for bowhead whales (and other marine mammals)
were conducted in the Alaskan Beaufort Sea by MMS, by LGL on behalf of industry (BP and Western
Geophysical), and by LGL for a MMS-funded bowhead feeding study (only in 1998). The combined data
obtained during these surveys are used in this study. Details about aerial survey procedures by MMS
(reports by Treacy) and LGL (reports by Miller et al. and Thomas et al.) can be found in the following
reports:

1996: Treacy (1997), Miller et al. (1997)

1997: Treacy (1998), Miller et al. (1998)

1998: Treacy (2000), Miller et al. (1999), Thomas et al. (1999).
Summary of MMS Survey Procedures

Similar procedures were used by MMS during each year of surveys (1996-98) and survey effort
details are summarized in Table 1. MMS bowhead surveys have been conducted in the fall of each year
since 1979 and encompass a large area extending between 140°W and 157°W longitude, and from the
nearshore zone north to 72°N latitude. The MMS annual survey program is based on a design of random-
ly located transects (see p. 5-6 in Treacy 1997 for a description) within 12 established geographic blocks
(see Figure 1 in Treacy 1997) spanning the Alaskan Beaufort Sea. The randomly-selected transects were
oriented approximately north—south, with one transect per 1/2° of longitude (i.e., averaging about 19 km
apart). The selection of survey blocks to be flown on a given day was non-random, based on factors like
weather and survey coverage attained during recent days. Any one survey block was typically sampled
on about one day per week. Transects flown in 1996-98 are shown in Figure 1.
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TABLE 1. Summary of dates flown and survey effort during MMS and LGL aerial surveys for
bowhead whales in the Alaskan Beaufort Sea, fall 1996-98.

Year
1996 1997 1998
MMS Surveys
Dates Flown 1 Sep -9 Oct 31 Aug-190ct 31 Aug - 27 Oct
Linear Distance (km) ? 13,056 13,604 21,302
Industry LGL Surveys
Dates Flown 1-21 Sep 1-28 Sep 1 Sep - 15 Oct
Linear Distance (km) b 10,225 15,506 39,134
MMS LGL Feeding Study
Survey
Dates Flown 11-24 Sep
Linear Distance (km) b 3,187

@ Only includes random-transect effort.
® Includes on-transect survey effort; does not exclude effort during periods of poor sightability.
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In 1996-98, MMS surveys were conducted from a de Havilland Twin Otter Series 300 aircraft
equipped with bubble windows. Surveys were conducted at a preferred altitude of 1500 ft (457 m) ASL
(ranged from 1000 to 1500 ft) and a ground speed of 120 knots (222 km/h). Port observers included a
primary observer at a bubble window, the pilot, and an occasional secondary observer-visitor, stationed
aft at a flat window. Starboard observers included a data recorder-observer, a team leader, and a co-pilot.
The team leader and co-pilot alternated between sitting at an aft bubble window and the copilot’s seat.
Observers recorded data on marine mammal sightings, environmental conditions (e.g., weather, sea state,
ice cover), and start and end points of transects. Environmental conditions were recorded at turning
points, when changes in environmental conditions were observed, and otherwise within 10-min intervals.
Data were logged with a custom-written data-logging program that interfaced with an FMS 5000 GPS
(Model GPS-505).

Summary of Industry/LGL Survey Procedures

Similar procedures were used by LGL during each year of surveys and survey effort details are
summarized in Table 1. In 1996-98, surveys were conducted from a Twin Commander 680FL (twin
engine high-wing aircraft) equipped with bubble windows. Surveys were conducted at a preferred
altitude of 1000 ft (305 m) ASL (ranged from 900 to 1500 ft) and a ground speed of 120 knots (222
km/h). Two primary observers looked for bowhead whales; one occupied the front right (co-pilot’s) seat
and the other was on the left side of the aircraft, immediately behind the pilot. A third observer, who also
operated a computerized data logger (GeoLink software interfaced with Trimble GPS), was positioned
behind the co-pilot’s seat. This third observer surveyed when not occupied with other duties. All obser-
vers sat at bubble windows. The two primary observers recorded environmental conditions every two
minutes and all observers recorded details about whale sightings (number, species, activity, heading,
swim speed, sighting cue, inclinometer angle, sighting cue, ice conditions, size/age/sex class, and
altitude).

The industry-funded aerial surveys occurred in a much smaller geographic area than MMS surveys
but provided more intensive survey coverage near marine seismic operations. A standard survey route
was flown daily (weather permitting) that was “centered” on the location of seismic activity at that time.
In 1996 and 1997, aerial surveys extended from ~30 km west of the western edge of the area where
seismic work was underway east to ~50 km east of the eastern edge of that area. In 1998, aerial surveys
extended from ~50 km west of the western edge to ~50 km east of the eastern edge of that area. During
all three seasons, the surveys extended from the barrier islands north to 65-85 km offshore.

Within this study area, two series of systematic north-south transects were flown each day. The
“extensive” grid nominally consisted of 12 transect lines in 1996-97 and 16 transect lines in 1998, all
spaced 8 km apart. A smaller “intensive” grid over and near the area of seismic operations nominally
consisted of 4 shorter transects spaced 8 km apart and midway between the nearby lines of the extensive
grid. The survey grids for 1996-98 are included in Figure 1.

Summary of LGL/MMS 1998 Feeding Study Survey Procedures

Systematic aerial surveys were conducted during September of 1998 (and 1999-2000) as part of a
study to assess the importance of the eastern Alaskan Beaufort Sea for feeding by bowhead whales.
Those data are included in the Poisson regression analysis. The survey methods used in 1998 were very
similar to those used in the LGL-industry surveys described above. The same type of aircraft was used
and the survey procedures were similar, although the nominal survey speed was 200 km/h, rather than 222
km/h. The study area extended from 145°W east to the U.S./Canada border (as defined by the U.S.),
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which extends approximately NNE from the shoreline at 141°W. Standard transects were flown in two
strata, the continental shelf stratum (from shore to the 200 m depth contour), and the continental slope
stratum (depths 200-2000 m). Transect start positions were randomized and were oriented roughly
perpendicular to the depth contours. There were 17 transects in the continental shelf stratum (totaling
1117 km), and 10 continental slope transects (totaling 516 km). During the 11-24 September 1998 study
period, systematic surveys of the continental shelf stratum were flown three times (third survey only
partially completed) on 11-14, 17, and 23-24 September. The continental slope stratum was surveyed
once on 12 September. The survey transects are shown in Figure 1C.

Human Activities Summary

Seismic Surveys

Ocean Bottom Cable (OBC) seismic surveys were conducted in the nearshore waters of the central
Alaskan Beaufort Sea during the open-water seasons of 1996-98. Although seismic programs began each
year in late July, the time period of relevance to this study is September and October when seismic
operations coincided with aerial surveys for bowhead whales. Seismic programs for 1996-98 are
described in detail in Richardson (ed., 1997, 1998, 1999). In all three years, marine mammal observers
(MMOs) were aboard the seismic vessel and were on watch at all times (day and night) with seismic
surveys. Ramp-ups (soft starts) were used whenever airgun operations began, and the airguns were shut
down when marine mammals were sighted within designated safety radii. Almost all shut downs in the 3
years were for seals near the seismic vessels; bowhead whales were very rarely sighted by vessel-based
MMOs.

In 1996, seismic surveys occurred from 24 July through 19 September. The airgun array consisted
of eleven 120 in’ Bolt airguns totaling 1320 in’ and primarily operated from the tug Point Barrow.
Overall, a total of about 2946 km (355 h) of production seismic was shot. Of this, 1135 km (126 h) was
shot during the period (September) when aerial surveys occurred. Surveys were conducted at various
locations in and near the Northstar area northwest of Prudhoe Bay. These survey areas included waters
from Prudhoe Bay West Dock out to about 45 km northwest of West Dock, and from the barrier islands
out to as much as 13 km offshore of the barrier islands (see Fig. 1A). Water depths within the survey area
ranged from 3 to 17 m.

In 1997, seismic surveys occurred from 26 July through 25 September. The airgun array consisted
(at most times) of six Bolt airguns totaling 720 in’ and primarily operated from the tug Sag River. The
airgun array was operated for a total of 314.3 h in 1997. Surveys were conducted at various locations
from the Northstar area (northwest of Prudhoe Bay) east to the Challenge Island — Flaxman Island area
(see Fig. 1B). Water depths within the survey area ranged from 0 to 18 m. During September, the airgun
array was operated for 93.6 h. From 1 to 20 September, operations were northwest of Prudhoe Bay in the
West Dock and Northstar areas, west of Cross Island. From 21 to 25 September, operations were east of
Prudhoe Bay.

In 1998, seismic surveys occurred from 24 July through 11 October. Two different airgun arrays
were used alternately. These consisted of 16 sleeve-type airguns of various individual volumes totaling
1500 in’ (towed by the primary source vessel Arctic Star) or eight sleeve-type airguns of equal volume
totaling 560 in’ (towed by the Saber Tooth, which operated in shallow waters). Overall, a total of about
4560 km of production seismic was shot. Seismic work was conducted at various locations in the central
Alaskan Beaufort Sea from Flaxman Island west to the Spy Island area (near Oliktok Point; see Fig. 1C).
Water depths within the survey area ranged from 2 to 24 m. During September and October, the airgun
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arrays were operated for 337.4 h. From 1 to 23 September, operations were northwest of Prudhoe Bay in
the Jones Island area, ~ 65 km west of Cross Island. After 23 September seismic data were acquired near
Cross Island.

Subsistence Hunting

Autumn subsistence hunts for bowhead whales in the Beaufort Sea occur near the communities of
Kaktovik and Barrow. In addition the residents of Nuiqsut hunt bowheads near Cross Island, offshore of
Prudhoe Bay. The typical hunting areas at each of these locations were mapped (see Fig. 1), based on
historical harvest location data, information provided by the North Slope Borough (Craig George,
Department of Wildlife Management, pers. comm.), and Galginaitis and Koski (2002). The actual or
approximate hunting period for each community was determined for each year (1996-98), based on a
variety of types of information, including field notes and personal observations (GWM), harvest dates,
information provided by Tom Cook (Consultant to BP Exploration Alaska Inc. during 1996), and
Galginaitis and Koski (2002). For the Kaktovik and Cross Island hunts, the actual start and end dates for
the typically brief hunting periods were usually known. For Barrow, where the harvest in autumn is
typically larger and the hunt is more prolonged, we used the date of the first and last whale harvest in
each autumn season as the start and end dates, respectively, of the subsistence hunt.

Compilation of Data

Several types of data were used to derive the final database of 1996-98 survey effort, bowhead
sightings, and covariates for use in the regression analysis. Data were acquired from marine mammal
aerial surveys, bathymetric databases, and seismic shotpoint files from BP and Western Geophysical (now
WesternGeco). Information concerning times and locations of subsistence whaling activity and a
‘standardized’ Beaufort Sea shoreline were also acquired and incorporated into the final regression
analysis database.

Aerial Survey

For the period considered in Phase 1 (1996-98), the aerial survey data were derived from three
sources: *the MMS BWASP database, which covers a broad geographic area; * industry-funded surveys
that provide intensive survey coverage of relatively small areas varying from year to year; and ¢ the
MMS-funded bowhead feeding study conducted by LGL in the fall of 1998, which covered an area east of
the area with industrial activity. (Details concerning aerial survey procedures are provided in the
subsection “Aerial Surveys”.)

MMS BWASP Dataset.—1LGL Ltd. had worked extensively with a portion of the BWASP/NOSC
data, those from areas east of ~150°W longitude (Harrison Bay), for other projects (e.g., LGL and Greene-
ridge 1996; Miller et al. 1999, 2002). For this project, we acquired a complete version of the
BWASP/NOSC database for 1979 to 2000, covering the entire geographic range of MMS surveys, via the
National Oceanographic Data Center.

Site-Specific Industry-Sponsored Datasets.—The industry-funded (BP and Western Geophysical)
survey data collected by LGL during the 1996-98 seismic programs were available in a useable digital
format. For each of those three years, there were agreements for two-way sharing of aerial survey data
collected by MMS and for industry. The MMS data had already been made available by MMS for use in
industry-sponsored analyses (e.g., Miller et al. 1999). This analysis and report represents the first use of
the industry-sponsored data in an MMS project.
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1998 Feeding Study Dataset.—LGL Ltd., on behalf of MMS, conducted aerial surveys during the
fall of 1998 in the eastern Alaskan Beaufort Sea as part of a bowhead whale feeding study (Miller et al.
2002). As aresult, we had the data in a useable digital format.

Seismic Shotpoint Data

LGL had previously worked with seismic shotpoint databases that were collected by seismic con-
tractors on behalf of BP in 1996 and 1997 and by Western Geophysical in 1998 (see subsection Seismic
Surveys). Shotpoint data consisted of date, time, latitude, and longitude for only those shotpoints when
the airgun array was firing at or above ‘specification’ levels. In 1997 and 1998, two vessels were used to
acquire seismic data; a primary source vessel which operated the airgun array for the majority of
operations and a secondary source vessel that acquired relatively less data. The primary and secondary
source vessels did not operate simultaneously in any survey year. Typically, during the 1996-98 seismic
programs, airguns were fired at 20 sec intervals. These shotpoint files had been used by LGL in previous
analyses of ship-based and aerial survey data collected as part of marine mammal monitoring programs.
Raw shotpoint datasets had also been included in the HAD, with industry permission. However, the
version of the shotpoint files included in the HAD did not contain interpolated values for unrecorded
shots fired during “ramp ups”, certain line changes, and lines that had to re-shot. The versions of the
shotpoint files used for the analyses described in LGL’s reports for BP and Western Geophysical were
considered more complete because they contained interpolated shotpoint locations for times when actual
shotpoints were not specifically documented. Therefore, the latter shotpoint files (rather than those in the
HAD) were used in deriving the measures of seismic activity used in this study.

Bathymetry Data

Bathymetry data for the study area were acquired from two sources: the National Ocean Survey
Bathymetry database and the International Bathymetric Chart of the Arctic Ocean database. As part of
other studies LGL had conducted concerning the Alaskan Beaufort Sea, we had constructed a grid-based
bathymetry dataset at a resolution of 200 m x 200 m, including both water depth and bottom slope
estimates for each grid cell. This dataset was derived from precise nearshore bathymetry values derived
from the National Ocean Survey Bathymetry database for areas <20 km (approximately) from shore, and
the more general offshore International Bathymetric Chart of the Arctic Ocean database. The two
bathymetry databases were merged and water depth values were interpolated to provide grid cell coverage
for the entire study area.

Subsistence Whaling Data

As discussed previously, information on the approximate locations and dates of subsistence
whaling activity in 1996-98 were acquired from several sources. Traditional whale hunting areas in the
Beaufort Sea were constructed from historical whale kill locations at each of three main hunting areas,
Kaktovik, Cross Island, and Barrow and were combined with the time periods when the hunting seasons
occurred (Table 2). These data were later incorporated into the regression analysis database.

Metadata

Details about the aerial survey, seismic shotpoint, bathymetry, and whaling data used in Phase I are
fully documented. To do this, we retrieved documentation concerning the original coding scheme and
survey methods used in each project, especially the methods used to record environmental conditions.
Information obtained from this process formed part of the metadata included with the datasets used during
Phase I. The metadata also include all variable names and a description of the codes used.
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TABLE 2. Summary of dates used for 1996-98 whaling seasons at Kaktovik, Cross Island and Barrow.

First Day LastDay First Last
of Whaling of Whaling Harvest Harvest
Location Year Season Season Date Date Source of Information (First Day; Last Day)

Kaktovik
1996 07-Sep 17-Sep 12-Sep 12-Sep Notes from Tom Cook; Notes from Tom Cook
1997 03-Sep 27-Sep 03-Sep 27-Sep Galginaitis and Koski 2002; Field notes (GWM)
1998 04-Sep 15-Sep 04-Sep 14-Sep Galginaitis and Koski 2002; Field notes (GWM)

Cross Island

1996 7 Sept. 17-Sep 12-Sep 15-Sep Notes from Tom Cook; Notes from Tom Cook

1997 02-Sep 22-Sep 05-Sep  20-Sep Assumed that whaling started the day after Labor Day; Field Notes (GWM)

1998 08-Sep 18-Sep 12-Sep  17-Sep Assumed that whaling started the day after Labor Day; Field Notes (GWM)
Barrow

1996 10-Sep 26-Sep 10-Sep 26-Sep First Harvest Date; Last Harvest Date

1997 11-Sep 21-Oct 11-Sep 21-Oct First Harvest Date; Last Harvest Date

1998 19-Sep 07-Oct 19-Sep 07-Oct First Harvest Date; Last Harvest Date

Standardization of Data

The aerial survey datasets were examined carefully, along with their accompanying documentation,
before data manipulation began. Data were validated through several procedures that are described in
Appendix C. Variables that were coded differently in the different aerial survey datasets were harmon-
ized to a common coding scheme. The variables that were re-coded are described below.

Recoding of Variables

The MMS and LGL aerial surveyors coded several environmental variables somewhat differently.
Variables that needed standardization included visibility, altitude, ice cover, and distance from shoreline.

Visibility was re-coded to account for differences between subjective sightability ratings and visibility
codes included in the LGL aerial survey data as compared with the visibility values recorded in the MMS data
(see Table 3). In the MMS dataset, visibility estimates were recorded mainly when changes in environmental
conditions were observed. During LGL surveys, visibility estimates (in km) were recorded by observers at the
start and end of each transect, but in addition a sightability rating was provided for each 2-min time interval
along each transect. These sightability codes were converted to visibility estimates in km. For the purposes of
the regression analysis database, a new “Visibility” variable was created that had values ranging from 0 to 4
that incorporated both the LGL and MMS aerial survey data (Table 3).

‘Survey altitude’, as recorded in the LGL and MMS datasets, was standardized to have all values
expressed in meters (vs. feet) above sea level.

Ice cover during most aerial surveys was coded as a percentage ranging from 0 to 100%. During 1996
industry-funded surveys, ice cover was recorded using an unequal interval scale (Table 4). These data were re-
coded to percent ice cover by taking the midpoint of the interval as the percent ice cover.

Database Structure

The Feasibility Study (see Appendix A) concluded that logistic regression would be the analysis of
choice for the “Analysis of Covariance”. It was initially thought that logistic regression would be most
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TABLE 3. Summary of visibility coding scheme used in the regression analysis database and
the corresponding codes in the LGL and MMS aerial survey databases.

New 'Visibility' Coding
Scheme for Regression LGL Sightability Code MMS Visibility Code
Analysis Database

0 (<1 km) Impossible 0 (0 km); 1 (<1 km)

1 (1-2 km) Seriously impaired 2 (1-2 km)

2 (2-3 km) Moderately impaired 3 (2-3 km)

3 (3-5 km) Good 4 (3-5 km)

4 (>5 km) Excellent 5 (6-10 km); 6 (>10 km)

TABLE 4. Summary of the ice cover coding scheme used in the 1996
LGL industry-funded aerial surveys and the corresponding ice cover
values used in the regression analysis database.

lce Cover Values (%) LGL Ice Cover for 1996
for Regression Analysis
Database Code Value Range (%)

0.5 0 0-0.9
25 1 1-5
15.5 2 6-25
38.0 3 26-50
63.0 4 51-75
83.0 5 76 - 90
95.0 6 91-99

100.0 7 100

suitable because, when aerial surveys are subdivided into sampling units sufficiently small to provide
adequate spatial resolution, bowhead whales are detected in only a small minority of the sampling units.
Also, when whales are detected, most sightings consist of individuals or small groups. Standard logistic
regression approaches are appropriate for “presence—absence” data of this type. Initially, we tried creat-
ing sampling units 1 km in length but found the number of records produced to be prohibitively large and
difficult to process with desktop computers. As such, we explored the effect of increasing the sample unit
size to segments 5 km in length. Although this did not produce many transect segments with multiple
bowhead whale sightings, a few sample units included up to 5 individual sightings. Consequently, the
analysis approach was changed from logistic to Poisson regression, in which the dependent variable is the
number of whale sightings in a sampling unit. Poisson regression is appropriate for a situation such as
this, where the number of sightings per unit is sometimes more than 1, but always small.

As with the logistic regression approach, the use of Poisson regression requires that the aerial
survey coverage be divided into sample units and that the predictor variables (“covariates”) be defined
and coded in a standard way across all aerial surveys considered in the analysis. The following section
discusses the types of databases generated from the various aerial survey, bathymetry, and shotpoint files.
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It also discusses how sample units, predictor variables, and the dependent variable were defined and
coded.

Regression Analysis and Sightings Databases

The Poisson regression analysis was based on one final and overall database referred to as the
“regression analysis” database. As noted in the Study Plan (LGL Ltd. 2003), the format of this database
was kept simple, basically a flat ASCII file with each record (row of data) representing a sample unit that
was nominally 5 km of survey transect. In this file, one column contained the number of bowhead
sightings in that segment of transect, and the remaining columns contained predictor variables
(covariates) that would potentially be used in the regression procedure. In addition, five bowhead sight-
ings databases were generated: one for each of the three annual industry-funded surveys, one for the
combined 1996-98 MMS surveys, and one for the 1998 LGL Bowhead Feeding Study survey. Each of
these sighting databases had an index number at the beginning of each record to reference (match) the
sighting with a particular sample unit in the “regression analysis” database. Only sightings that were
considered on-transect were extracted to the final regression analysis database.

Sample Units

Not all of the bowheads that are present along aerial survey tracklines are seen during aerial
surveys. Bowheads may be missed by observers because of obstruction by parts of the aircraft structure,
poor sighting conditions, limitations of observers in seeing and recognizing animals, and because they are
below the surface and invisible for a significant amount of time (Thomas et al. 2002).

One factor that affects the probability of sighting a bowhead at the surface is the distance of that
bowhead from the survey trackline. This factor has a bearing on the selection of the size of the sample
unit. We selected a sample unit that extends laterally to 2.5 km from the survey trackline (on each side).
Thomas et al. (2002) found that on average, 5% of bowhead sightings were sighted beyond 2 km from the
trackline. An area extending slightly more than 2 km laterally would include most of the whale sightings.

As noted, the standard length of a sample unit (along the trackline) was 5 km. This limited the
spatial resolution of the analysis to ~5 km. That is reasonable in an analysis concentrating on the effects
of seismic surveys on bowheads. Previous univariate analyses of the same 1996-98 data have showed
that most migrating bowheads avoided the area within 20 km of the operating seismic vessel (Miller et al.
1999; Richardson et al. 1999). Thus, a 5 km spatial resolution should be sufficient for this analysis. If
there were specific interest in smaller-scale effects, which could be the case in Phase 11, then it might be
desirable to work with smaller transect segments, e.g., 1 km x 1 km, despite the practical difficulties in
dealing with the larger dataset (see above).

The environmental and sighting data required for use in the Poisson regression model were derived
from the aerial survey databases maintained by MMS and LGL. A Visual Basic (version 4) program was
developed that processed the raw datasets (three different formats) with the associated files of GPS
location data (if applicable). The result was an intermediate database that contained summaries of
environmental variables and bowhead whale sightings within 5-km segments of survey transects. A
series of 5-km segments began at the start of a transect line and progressed until the end of the transect
line. The last segment of transect was usually substantially less than 5 km in length. (In the Poisson
regression analyses, these shorter-than-normal segments were handled by introducing an offset into the
models—see ‘Assessing Model Fit’ later.)
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The Visual Basic program loaded the details of each survey transect into an array along with details
about bowhead sightings. Sightings detected at lateral distances greater than 2.5 km from the survey
trackline were excluded. Also, for LGL surveys, only the sightings recorded by the primary observers on
the left and right sides of the aircraft were included. For MMS surveys, we included all sightings because
it was not clear at the time of this study which sightings were recorded by primary vs. other observers.
Initially, the program summarized environmental variables (visibility, ice cover, sea state) and numbers of
individuals and groups of bowheads on each side of the aircraft separately. For analysis in the Poisson
regression model, visibility, percent ice cover and sea state were averaged for the left and right observers,
and the numbers of bowhead individuals and groups seen by the left and right observers were summed.
Data from the two sides of the plane were combined to reduce the sample size and concerns about spatial
correlation. Because data from the left and right sides of the survey plane were pooled, each sample unit
nominally consisted of an area of 5 km length x 5 km width (2.5 + 2.5 km) = 25 km®. In most cases, the
segment at the end of a transect was smaller.

Extracting Spatial Covariates

Each record (sample unit) in the database included water depth and bottom slope values. Using
Maplnfo (a GIS), a geographic lookup was performed for bathymetry and slope values for every sample
unit within the dataset. Water depth and slope values were estimated for the center of the sample unit. In
addition, the minimum distance between the standardized shoreline and the center of each sample unit
was calculated (via a macro in MapInfo). An additional variable was added to indicate whether the
sampling unit overlapped temporally and geographically with whaling activity during the year in ques-
tion.

Generating Seismic Terms

To address Objective 1, which involved assessing the change in bowhead numbers relative to
distance and direction (E, W, N, S) from a seismic source, amount of exposure to airgun pulses, and time
since exposure, a series of terms characterizing exposure to seismic surveys were generated. As sug-
gested in the Study Plan, we considered the amount and location(s) of seismic activity during the time
periods 0-1, 1-2, 2-3, 3-6, 6-12, and 12-24 hours before the aerial survey of the sample unit in question.
For each sample unit, a Visual Basic program was used to search through the databases of primary and
secondary seismic shotpoints (shotpoints acquired from primary and secondary seismic source vessels—
see subsection Seismic Shotpoint Data) to identify those shots that occurred within each of the above time
intervals before the sample unit was surveyed. For each sample unit, we kept separate tallies for each
time interval (and separately for the primary and secondary seismic sources) of the

e number of shots,

e number of shotpoints with poor position estimates (positions that were interpolated and suggested
the occurrence of a shot outside a known area of seismic survey activity),

e cast offset (m) from the longitude of the sample unit to the average shot location for a particular
time interval (west offsets negative),

e north offset (m) from the latitude of the sample unit to the average shot location for a particular
time interval (south offsets negative),

e actual distance (m) from the center of the sample unit to the average shot location for a particular
time interval,
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e azimuth from the center of the sample unit to the average shot location for a particular time
interval, and

e seismic activity level based on the assumption that a standard seismic survey included 1 shot
every 20 seconds, i.e., 180 shots per hour if the seismic survey was continuous. To derive a
measure of the seismic activity level, the actual number of shots in the time period was divided by
the number expected if the rate were 180 /hr. For example, if a seismic source operated at 200
shots per hour, then the seismic activity value was 6 = 200/180 = 1.11. If shooting occurred at
200 shots per hour for half of the “3-6 hr before survey” period (i.e., for 1.5 h), then the
corresponding activity level would be (200 x 1.5) / (180 x 3) = 0.56.

If only shots with poor position estimates were found in a time interval, the record was not used in
regression analyses that tested for seismic effects.

It was necessary to combine data from primary and secondary seismic sources in order to assess the
additive effects of two seismic sources that both operated (albeit not simultaneously) within a given time
period. A new variable was generated for each time interval, which represented the combined activity of
both primary and secondary seismic sources; 0 values for primary and secondary sources were summed.
Similarly, east and north offset variables were combined for primary and secondary sources for each time
interval. This was accomplished by summing east and north offset values for the primary and secondary
seismic source offsets. Note that combining east and north offset values (and corresponding 6 values)
for two seismic sources in an exponential function (i.e., Poisson regression) effectively reduces the com-
bined offset values relative to either of the individual source offset values.

The seismic terms described above are perhaps better explained with the use of theoretical regres-
sion equations. Seismic effects were modeled by including terms of the form bel + b,E + b,N + b;EN +
b4E? + bsN? in the Poisson regression model. Here I = 1 if a seismic effect is present, and is otherwise 0.
E is the (signed) distance east from the source, and N is the (signed) distance north from the source. Dis-
tances west and south would be negative. For a sample unit without a seismic effect, E and N (like 1) are
0. Higher order terms (X’ etc.) were sometimes included to assess potential cubic relationships. If a
source only operates for a fraction 0 of the time interval being considered, then I, E, N, EN, E? and N?
would be reduced to 61, OF, ON, 0EN, 0E* and ON?, to give a fraction 0 of the full effect. If two seismic
sources (primary and secondary) are both occurring in the same time interval, then initially their effects
will be assumed to be additive. Using the subscripts 1 and 2 to denote the two sources, operating for
fractions 0, and 0, of the hour, then the additive effects would be represented by bol(6, + 6,) + by (6,E; +
0,E,) + by(0;N; + 0:N,) + by(0,EN; + 0,E,Ny) + by(60,E,* + 0,E,%) + bs(0,N,> + ,N,%). Here the sample
unit is at position (E;,N;) relative to the first source and position (E,N,) relative to the second source.

Another consideration in generating the seismic terms was determining the minimum water depth
between the sample unit and the seismic source. Minimum water depth values were derived for each
sample unit if seismic activity had occurred during a given time interval. Based on this measure, we
attempted to investigate whether barrier islands and/or shallow water areas (“acoustic barriers”) reduced
the effects of seismic surveys on bowhead distribution. For this preliminary analysis, we assumed that if
the minimum water depth was

e less than 2 m, then the potential for a seismic effect was negligible,
e more than 20 m, then there was no reduction in seismic effects, and
e d, where 2 m <d <20 m, then the seismic activity value 0 was multiplied by (d - 2)/18.
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This then gives a linear scaling effect between 0 with minimum depth <2 m and 1 with minimum depth
>20 m. Minimum water depth scaling was applied as an additional scaling after the 0 scaling (for seismic
activity), as described above.

Dependent Variable

The dependent variable for the Poisson regression is the number of bowhead sightings per sample
unit (nominally a 25 km® area defined above). Either a single bowhead or a group of bowheads was
counted as one sighting.

Predictor Variables

The names of the predictor variables used in the analysis are listed below. Predictor variables have
been categorized into three groups: (1) natural, (2) sightability, and (3) human activity variables. If any of
the predictor variables were missing for a transect segment then that transect segment was not used for
fitting any of the Poisson model runs. All variables in the Poisson regression except survey year, visibil-
ity, aircraft type, survey type, and whaling activity were considered continuous. Quadratic terms were
included for the continuous predictor variables water depth, distance from the shore, longitude, bottom
slope, and date to investigate possible non-linear trends. Cubic terms were considered for some seismic
variables.

(1) Natural Variables

Ice Cover (%) Ice data, on a percentage basis, were standardized for all surveys and coded
as integers ranging from 0 to 100 %. Linear and quadratic terms were
included.

Distance to Shore (km) This covariate was calculated based on the distance in km from the ‘standard-
ized’ shoreline to the center of the sample unit. Linear and quadratic terms
were included.

Water depth (m) This covariate was calculated as the water depth at the center of the sample
unit. Linear and quadratic terms were included.

Date The day number with 30 August = —1 (earliest date), 1 Sep =1, ..., 26 Oct =
56 (latest date). Linear and quadratic terms were included.

Year This covariate was coded as 1996 =1, 1997 = 2, and 1998 = 3.

Longitude This variable was coded in degrees, with minutes and seconds of longitude

converted to decimal degrees. For each sample unit, longitude was taken at
the center of a sample unit. For the regression analysis longitude was stan-
dardized based on a reference value of 150°.

Bottom Slope The slope of the ocean bottom was calculated as an absolute value derived at

(Degrees) the center of the sample unit. It was calculated as the number of degrees from
a horizontal plane. (Maplnfo estimated the maximum slope angle across the
four corners of each 200 x 200 m bathymetry grid cell.)

(2) Sightability Variables

Sea State Sea state conditions were recorded as Beaufort wind force and coded as
integers ranging from 0 to 9.
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Visibility Visibility conditions were standardized for all surveys and coded as values
ranging from 0 to 4. The codes 0-4 represent <1, 1-2, 2-3, 3-5, and >5 km,
respectively.

Aircraft Type This is a factor with one level for each aircraft type. For LGL surveys the

Twin Commander 680FL was coded as 1 and for MMS surveys the DHC
Twin Otter was coded as 2.

Altitude (m) Aircraft altitude was coded in meters for all survey data.

Survey Type This is a factor with one level for each survey type. LGL surveys were cod-
ed as 1 and MMS surveys were coded as 2. This variable essentially dupli-
cated the “Aircraft Type” variable given the consistent use of two specific
aircraft types by LGL and MMS during the years in question.

(3) Human Activity Variables

Seismic Survey The potential effects of seismic survey activities were considered in terms of

Activities time and space. For example, it is hypothesized that the effects of seismic
surveys occurring within the last hour on the expected number of whale
groups in a sample unit depend on how far north and east (or south and west)
of the unit the activity is located. Similarly, the effects of seismic surveys
occurring at other times (e.g., 1-2 h, 2-3 h, etc.) in the past will depend on
these distances, although not necessarily in the same manner. We disting-
uished and considered the possible effects of seismic surveys that occurred in
the time intervals 0-1, 1-2, 2-3, 3-6, 6-12 and 12-24 hours before the obser-
vation time. We also considered the influences of minimum water depth
between a seismic source and sample unit. See subsection “Generation of
Seismic Terms” (above) for more detail.

Within Whaling Season Survey effort in each 5-km bin was coded as to whether (1) or not (0) it was

and Area within an autumn bowhead hunting range during the hunting season assoc-
iated with that range in that year. The hunting areas near Kaktovik, Cross
Island, and Barrow were considered.

Analyses

Data Excluded

Only on-transect survey effort and sightings data were considered in the analysis. MMS effort and
sightings collected during “Search” and “Connect” flight segments were excluded. All sightings (MMS
and LGL surveys) >2.5 km from the survey trackline were excluded. For LGL (industry and bowhead
feeding) aerial surveys, only bowhead sightings by primary observers were used in analyses. For MMS
aerial surveys, sightings by all observers were used, as described previously. If any of the predictor
variables were missing for a transect segment then that transect segment was not used for fitting any of
the Poisson model runs. This resulted in the exclusion of ~7 % of the transect segments (1696 of 24,393
segments) from analyses.

Data were not excluded based on Beaufort sea state or visibility conditions. However, surveys
were not usually flown in wind force conditions >5 for LGL surveys and >4 for MMS surveys. Also,
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covariates were included to account for the expected reductions in sightability with high wind force and
low visibility.

Descriptive Statistics

The means and standard deviations, and minimum and maximum values, were calculated for each
predictor variable based on the data included in the Poisson regression analysis. The number of bowhead
sightings on-transect during periods with and without seismic activity was also calculated. All descriptive
statistics were determined for each year (1996-98) separately and overall.

Poisson Regression

Poisson regression is also known as log-linear modeling. It is a standard approach for the analysis
of count data, and is analogous to the multiple regression approach commonly applied to continuous data.
With multiple regression, the model assumed is

Y = BO + B]X] + BzXz + ...+ Bpo + €,

where Y is a dependent variable, the Xs are covariates (explanatory variables), and the error € is assumed
to be normally distributed with mean zero and a constant variance. This means that Y itself is assumed to
be normally distributed with an expected value (mean) of

E(Y) = By + BiX; + ByX + ... + B,X,.

A Poisson regression is similar, but the dependent variable Y is a count that is assumed to have an
expected value given by the equation

E(Y) = exp(Bo + Bi X + B2 X5 + ... + B,X).

Here the X variables are still thought of as accounting for variation in Y. However, it is assumed that Y
has a Poisson distribution instead of a normal distribution. An important assumption for both the standard
multiple regression model and the Poisson regression model is that the errors in observations, Y - E(Y),
are independently distributed for all of the observations.

There are two reasons for using a Poisson regression model with count data in preference to the
standard multiple regression model. First, the use of the exponential function ensures that negative
expected counts cannot occur. Second, the discrete Poisson distribution is more appropriate than the
continuous normal distribution for count data. The theory and applications of this model are described in
considerable detail by McCullagh and Nelder (1989) and Cameron and Trivedi (1998).

The expected value of Y for a Poisson regression model can be written in the alternative form
E(Y) = exp(Bo) - exp(Bi X)) - exp(B,X5) -...exp(B,Xp).

This emphasizes that the effects of the covariates are assumed to operate multiplicatively rather than
additively. That is to say, there is a basic frequency exp(B3), which is modified by being multiplied by the
factors exp(83,X;), exp(B.X>), ... exp(3,X,) to account for the effects of the variables X, X», ..., X,, respec-
tively.

Fitting a log-linear model is usually done by maximum likelihood. This involves finding the
values of the B3 parameters so as to maximize the probability of obtaining the observed data. This is more
complicated than fitting a multiple regression equation, and usually requires iterative calculations.
Computer programs for these calculations often allow the observed counts to depend on both quantitative
variables and factors, and interactions between these. For example, the coefficient of the covariate X
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might be assumed to vary with the year that the data are collected when the data are collected over a
number of years.

Assessing Model Fit

In assessing a log-linear model for a set of data, there are four aspects of the fit that can be
considered:

(a) The goodness of fit of the model can be measured by one or both of the log-likelihood statistic
X12=2 X O; log.(O; / Ey),
and the Pearson chi-squared statistic
Xp? =2 (0; - E)?/E.

Here O; represents an observed count, E; represents an expected count, and the summation is over
all of the counts in the data. The degrees of freedom (df) associated with these statistics are n - p - 1,
where n is the total number of data records (sample units in this study) and p is the number of covariates
in the model. If one of these statistics is significantly large in comparison with tables of percentage points
of the chi-squared distribution, then there is evidence that the model being considered does not fit the
data. The statistic X2 is commonly referred to as the deviance for a model.

(b) The residuals O; - E; can be studied to see whether there are some observed frequencies that are

fitted particularly poorly by the model. Since the standard deviation of O; is approximately VE;, the ith
standardized residual can be defined to be

Ri = (OI—EI)/\/E,

Then one simple way to detect a poor fit is to isolate the residuals that are more than two standard
deviations from zero, i.e., cases where |Ri ‘ > 2. These residuals are significantly large at approximately
the 5% level.

(c) The most important regression variables can be determined by comparing the estimated 03
values with their standard errors. Any estimate that is more than two standard errors from zero, which is
shown by

‘ (Estimate)/(Standard Error) | >2,
is significantly different from zero at approximately the 5% level.

(d) The improvement in the fit that is obtained by adding one or more extra covariates into the
model can be assessed by considering the reduction in the deviance that is obtained by adding the extra
variables. The significance of this reduction can be determined by comparing it with the percentage
points of the chi-squared distribution using as df the number of extra X variables involved. A signifi-
cantly large reduction indicates that the extra X variables make a useful contribution to the model. This
method of assessing the value of X variables is sometimes called the analysis of deviance.

It is common to find that even the model with all possible covariates included does not fit the data
well. This may just reflect the fact that few models are perfect, so that a significant lack of fit can be
expected with most large data sets. However, an alternative explanation is that the observed frequencies
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do not follow a Poisson distribution. If the latter explanation is correct then the variance of an observed
count may exceed its expected value, so that there is extraneous variance present.

One reason for extraneous variance is that the observations may not really be independent, which is
a basic assumption of the Poisson regression model. Extraneous variance can occur because there is a
tendency for larger-than-expected counts to occur with observations taken at about the same time. The
effect of this is to raise the variance of each of the data counts above what is expected for a sample of
independent observations.

One way of taking into account extraneous variance involves assuming that the variances of all the
data counts are multiplied by the same heterogeneity factor, H, which can be estimated by either

i, =X2/(m-p-1),
based on the deviance, or
fo=Xp/(m-p-1),

based on the Pearson chi-squared statistic. In either case the calculation should be made for a model that
is believed to be reasonable, except that it may contain one or more covariates that do not in fact influence
the counts.

The variances of the estimated coefficients of the X variables in the model are adjusted for extran-

eous variance by multiplying all of them by ﬁL or IA{p. McCullagh and Nelder (1989) suggest that ﬁp is
probably best for this purpose. In addition, the analysis of deviance described in (d) above is modified.
Instead of comparing the reduction in deviance due to adding m covariates with the chi-squared distribu-

tion with m df, this reduction is divided by ﬁL and assessed for significance in comparison with the F-
distribution with mandn-p - 1 df.

Occasions do arise where there is a reason to believe that expected counts will be proportional to
some known constants in the absence of any effects of the predictor variables used in a Poisson regression
model. This can be allowed for using what is called an offset. For example, with the bowhead whale data
considered in this report, the sample unit was in most cases a 5 km segment of a transect. However, for
most transects, there was a segment of less than 5 km length at the end of the transect. A reasonable
assumption is that the number of groups of whales expected to be seen in a transect length of D <5 km
will be proportional to D/5. Hence if the expected number of whale groups for a stretch of length 5 km is

E(Y) = exp(By + BiX; + B, X5 + ... + B, X)),
then for the stretch of length D this will become
E(Y) = (D/5)exp(By + B X + BoXo + ... + B,X,),
or
E(Y) = exp{log.(D/5) + By + B:X; + B,X5 + ... + B, X}

The offset is then log.(D/5), which is a reasonable allowance for the shorter-than-usual transect length.
Many computer programs for Poisson regression allow an offset variable, in this case containing the
values of log.(D/5), to be defined and used in the analysis.

The methods used in Poisson regression are reliable when most of the expected counts are not very
small for the data set being analyzed. The precise conditions for the methods to be reliable are not clearly
defined. However, for the bowhead whale data, most of the expected counts are very small indeed, and
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almost all of the observations (5-km segments) contain no whale sightings. It is therefore clear that with
these data the standard methods may not be reliable, particularly in terms of the standard errors of
parameter estimates and tests of significance. This problem can be overcome by the use of simulation,
bootstrap, and randomization methods, depending upon the circumstances (Manly 1997). For example, to
estimate a heterogeneity factor many sets of data can be generated based on a fitted model but with the
data following Poisson distributions. An estimate of the heterogeneity factor is then provided by the
observed deviance for the fitted model divided by the mean deviance for the simulated sets of data.
Alternatively, the Pearson chi-squared statistic for the observed data could be divided by the mean value
of this statistic from the simulated sets of data. See also the stratified bootstrap resampling analysis
proposed by Manly and Chotkowski (2006) for count data with many zeros.

Correlation

There is potential that serial correlation (i.e., the tendency for spatially and/or temporally adjacent
sampling units to have positively correlated numbers of sightings) in the Poisson regression model may
affect the estimated coefficients and their standard errors. Although we did not account for correlation in
the model, we did investigate the potential influences of serially correlated errors by simulating data from
a relatively simple Poisson model (see Appendix D). Based on this analysis, it seemed that serially
correlated errors should have minimal effect on estimated standard errors except when correlations are
very strong.

Maps of Model Results

A series of maps were produced based on the fitted Poisson regression models. The maps allow us
to visualize the results of the analyses based on the “actual” geographic setting where data were collected
(Alaskan Beaufort Sea). Coefficients estimated by the Poisson regression models plus some selected
predictor variable values were used to produce maps showing the number of whale groups expected to be
seen in each sample unit under the specified conditions. The following predictor variables that were
included in the final models and that were spatial in nature were considered in this process:

e water depth

e distance from shore

e longitude

o offset east (or west) from seismic

e offset north (or south) from seismic.
The non-spatial predictor variables that were “held constant” were chosen to represent average to good
aerial survey conditions:

e “visibility” excellent (4),

e “Beaufort sea state” low to moderate (3),

e  “ice cover” 0 %,

o “date” (held constant for a given map), and
e “survey type” was MMS surveys (2).

The spatial and non-spatial variables were processed by the regression equation for each 5 km x 5 km grid
location within the Alaskan Beaufort Sea study area producing an estimate of whale groups expected to
be seen at that location. The estimates were restricted to areas with distance from shore values > 0 km
and < 185 km and areas with water depth < 2700 m; this essentially defines the MMS survey area and
includes all of the industry/LGL survey areas.
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Maps were chosen to highlight the capability of the Poisson model to demonstrate three things: (1)
the nearshore migration corridor of bowhead whales, (2) the effects of seismic sources on the expected
number of bowhead sightings, and (3) the temporal progression of the fall bowhead whale migration from
cast to west. A series of eight maps was produced for each year (1996-98), for a total of 24 maps. For
each year, the fall progression of bowhead whale migration was shown on four maps representing four
dates: 1 September, 15 September, 1 October, and 15 October. To demonstrate seismic effects, a seismic
source was assumed to be located near Prudhoe Bay and, for each year, the estimated number of bowhead
sightings was mapped separately for seismic time intervals 0-1 h and 12-24 h.

Circular (Randomization) Test for Whale Headings

Given the circular distribution of bowhead whale headings, with the dependent variable being the
direction in degrees, Objective 2 cannot be tested with the Poisson regression approach discussed earlier.
Instead a randomization test (Manly 1997) was designed to see whether there is a significant difference
between the mean angle of movement (heading) for bowhead whales (sightings) recorded during periods
with and without seismic activity. In this analysis, “no-seismic” and “seismic” periods are defined as in
Miller et al. (1999). No-seismic periods include periods with no airgun operations at the time, or within the
previous 3.5 h. Seismic periods include times 5 min after airgun operations started to 5 min after airgun
operations ended. Only whales whose activity was recorded as “traveling” were included in the analysis.
Any bowhead sightings made by MMS > 3 days after the end of seismic activity in 1996-98 were excluded
from analyses. A special purpose FORTRAN program “DISTRND” was written to carry out this test.

The bowhead sightings were divided into six categories based on their distance from a seismic
source. The distance categories used were as follows: (1) 260 km east of the source, (2) 30 km to less
than 60 km east, (3) east of the source by <30 km, (4) 0 to 30 km west of the source, (5) >30 km and up to
60 km west, and (6) >60 km west. The “axis” used to differentiate bowhead sightings east vs. west of the
seismic source, extended ESE-WNW from the (nominal) most recent shotpoint. The program DISTRND
was designed to allow up to 20 distance categories, but six categories were considered a reasonable
balance between having a large number of categories and keeping the number of observations in each
category large.

With circular data, the standard way to calculate the mean of n angular observations involves first
calculating

X =Y cos(a)/n
and
Y =Y sin(a;)/n,

where a; is the ith angle and the summation is over the n observations. Then the mean angle is

a=tan (Y/X),

i.e., the mean angle is the one for which the tangent is Y/X (Batschelet 1981). It is necessary to calculate
the mean angle in this way in order to take into account the fact that a heading of 0° and a heading of
360° are in fact exactly the same.

The randomization test involves comparing the mean bowhead headings with and without seismic
activity for each of the six distance categories. For each, the difference between the mean heading angle
with seismic activity and the mean heading angle without seismic activity is calculated. This gives six
test statistics. In addition, the sum of the absolute differences for the six categories is calculated to give a
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seventh statistic that measures the overall seismic versus non-seismic difference. The randomization test
compares these seven observed statistics with the distributions of the same statistics that are obtained by
randomly reallocating the labels "seismic activity" and "no seismic activity" to the whales within the
distance groups, keeping the numbers of whales with and without seismic activity constant within the
groups. The randomization distributions are determined by generating a large number of sets of data with
randomized labels.

The idea behind this test is that the significance level of the test statistics for the individual distance
categories will indicate which distance ranges, if any, show seismic effects. The significance level for the
overall test statistic will also indicate whether, for all the distance classes taken together, there is a
difference between whale headings with and without seismic activity.

RESULTS

Exploratory Analyses

Natural and sightability conditions were in most cases similar in each survey year (Table 5).
However, much more ice was present in 1996 (47.8 % average cover) than in 1997 and 1998, when there
was little to no ice cover over most of the survey area. Also, on average, sea state conditions were calmer
in 1996 than in 1997-98, presumably at least in part because of the dampening effect of ice on sea state.

Overall, 704 sightings of bowheads were included in the Poisson regression analysis. Of these
sightings, 57, 298, and 349 were in 1996, 1997 and 1998, respectively. Of the ~22,000 sampling units in
the analysis over the three years, bowheads were sighted within 440 sampling units. In those sampling
units, the number of bowhead sightings per sampling unit ranged from 1 to 5.

Poisson Regression
The Approach

The fitting of a Poisson regression model was a multi-stage process, because of complications
associated with the large number of covariates (particularly those for seismic effects), deciding how to
allow for the activity level of a seismic source, and deciding whether to constrain the range of influence
of seismic sources (i.e., to fix a maximum distance from the seismic source, beyond which the seismic
effects are made to be zero).

Calculations were mainly carried out using the GenStat statistical package (NAG 2003). Initially,
this program failed to identify all of the parameters correctly for some models. For this reason, three
other statistical packages were also tried for the calculations. SAS (2003) completely failed to produce
estimates, as did Matlab (2003). When S-Plus (MathSoft 2000) was used it did produce estimates for all
the models considered, and the estimates were the same as for GenStat when GenStat identified the
parameters correctly. It was then realized that S-Plus was always fitting models starting with no prior
estimates of the coefficients. In contrast, GenStat was starting with the estimated coefficients from earlier
models with some covariates included, and from there was deriving estimates for a revised model with
additional covariates. When GenStat was forced to estimate in the same way as S-Plus, it also was always
able to estimate all of the parameters correctly, and the results agreed with those for S-Plus. These
computational difficulties were not anticipated. They illustrate that the analysis of a large data set
(~22,000 cases and up to 89 covariates) using Poisson regression cannot even be attempted with some
standard statistical software.
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TABLE 5. Summary of predictor variables used in the Poisson regression analysis. Each 5-km segment
of aerial survey transect contributed one observation to the dataset summarized here.

D T
Distance fr. Water Bgtlfprz Ice Cover witﬁ?ﬁ Sea Visibility Altitude
[} b c

Shore (km) Depth (m) (degrees) (%) Season® State Scale (m)
1996

Mean 42.5 205 0.6 48 16.3 1.9 2.7 340

SD 28.69 500.4 1.42 36.7 9.24 1.55 1.1 76.6

Min 0.0 0.3 0.0 0.0 1 0 0 30.5

Max 152.1 3317.2 19.1 100.0 38 7 4 609.9
1997

Mean 38.0 134 0.4 2 20.3 3.1 2.3 339

SD 26.24 365.3 1.18 13.1 12.07 1.80 1.29 83.0

Min 0.0 0.3 0.0 0.0 0 0 0 121.9

Max 157.9 2733.2 12.6 99.0 48 9 4 1097.3
1998

Mean 38.3 149 0.4 1 21.6 3.3 2.5 343

SD 27.55 458.3 0.98 58 12.77 1.20 1.03 79.3

Min 0.0 0.3 0.0 0.0 -1 0 0 121.6

Max 184.3 3545.7 14.8 95.0 56 7 4 825.1

® This variable coded as Aug 30 = -1, Aug 31 =0, Sep 1 =1, Sep 2 = 2,....0Oct 26 = 56.
® Sea state is Beaufort Wind Force scale.
CVisibility codedas0=<1km,1=1-2km,2=2-3km, 3=3-5km, 4 =>5km.

A heterogeneity factor was estimated based on the Pearson chi-squared statistic. It was thought
likely that extraneous variance, above that expected from the simple Poisson regression model, would be
present, and that this method for estimating the heterogeneity factor should be more reliable than
estimation based on the deviance function. Indeed, heterogeneity factors estimated using the deviance
function are much less than one. As it is hard to believe that the variance of whale group counts is less
than expected from the Poisson distribution, these estimates seem quite unrealistic. Using Pearson chi-
squared statistics, the estimated heterogeneity factor varied depending on the assumptions made at
different stages in the analysis, but always exceeded one. For the final models considered, the estimated
heterogeneity values were quite large (~6). However, the very high proportion of zero values in the data
means that heterogeneity factors estimated using Pearson chi-squared statistics may also have question-
able properties. This is the first of several aspects of the data analysis described here that are in need of
further consideration in the future. The stratified bootstrap resampling method of Manly and Chow-
kowski (2006) is worth examining in this respect.

Having found how to obtain reliable estimates, and after correcting a number of errors that were
found in the data, various modifications to the Poisson regression model were tried, as follows:
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(a) Initially, the potential range of influence of seismic activity was unbounded. As this produced
apparently unrealistic estimates of seismic effects at great distances that were believed to be due to the
chance clustering of whale groups, the assumed maximum distance for seismic effects was reduced to 100
km, 75 km, and finally to 70 km. There is a subjective element in the decision to restrict the range of
influence like this, but it does appear to produce patterns that are reasonable. This is an element of the
data analysis that should be revisited in the future.

(b) Because of the high correlations between the seismic covariates for different time periods, we
considered pooling the first three intervals of 0-1 hours, 1-2 hours, and 2-3 hours into a single interval of
0-3 hours. This gave a worse model fit than the interval 0-1 hours alone, and was therefore not consid-
ered further. The idea of only using one of the six intervals was also considered. The argument in this
case was that separate use of all six intervals resulted in an excessive number of covariates. This was
especially so given that, because of correlation among the covariates for different intervals, each of the
intervals represented all of the other intervals to some extent. When only one interval was considered in a
given model, it was found that the best fit to the data was obtained using the covariates for the 12-24 hour
interval, with the second best fit being based on the covariates for the 0-1 hour interval. At this point, it
was decided to refine the model further using both the 0-1 hour and 12-24 hour seismic coefficients, but
with any fitted model only containing the covariates for one of these periods. This approach should be
revisited in future analyses.

(c) Initially, the activity level of a seismic source was scaled so that it was at the standard level if
there was an average of one shot every 20 seconds, and therefore 180 shots per hour, over the full interval
length. This level of seismic activity received a scale value of 1.0. If the average number of shots per
hour differed from 180, then the seismic effect was multiplied by the number of shots per hour divided by
180. For example, if a seismic source operated at 200 shots per hour, then the assumed effect was the
standard effect multiplied by 6 = 200/180. This scaling was achieved by multiplying the values for all the
covariates that characterized seismic effects by 0.

As an alternative to this scaling, seismic effects were left unscaled if 0 exceeded 0.1, or otherwise
the seismic effects were set to zero. This alternative treatment of activity levels produced a slightly worse
fit with both the 0-1 hour and 12-24 hour seismic effects. It was therefore decided to retain the original
method of allowing for seismic activity levels. Nevertheless, future analyses should revisit the question
of how best to take into account varying activity levels.

(d) The effect of using a scaling based on the minimum water depth between an observed stretch
of transect and a seismic source was also investigated as an additional scaling applied after the 0 scaling
described in (c) above. This was done as described in the Methods, and resulted in a linear scaling effect
between 0 at <2 m and 1 at 220 m. As this minimum depth scaling failed to improve the fit of the model
using either the 0-1 hour seismic interval or the 12-24 hour seismic interval, its use was discontinued.
This is another area that could be revisited in future analyses, possibly trying a range of limits as
alternatives to the 2 m and 20 m ones used here for the linear scaling effect. Also, something other than a
linear effect over the specified range of minimum depths may be appropriate.

(e) A check was made to see whether cubic functions of the seismic effect gave a significant
improvement in fit over quadratic functions. This involves adding the four covariate terms E*N, EN?, E?
and N° to the terms E, N, EN, E? and N? that are already in the quadratic model to describe the effect of a
source with the standard level of activity with an easterly distance of E and a northerly distance of N from
the source. Scaling by the activity level O also applied to these four new covariates. The extra cubic
function covariates gave no significant improvement in fit at the 5% level for either the 0-1 or 12-24 hour
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seismic effects. It was therefore concluded that the quadratic functions are adequate to describe the data,
and cubic covariates are unnecessary. In any future analysis, it may be desirable to consider alternatives
to the quadratic formulation.

(f) The effect of a hunting covariate was considered, where this was 1 if the sampling unit was
within a hunting area on a date when hunting may have been taking place, or was otherwise 0. The
estimated coefficients for this covariate were always positive, indicating a possible positive association
between this variable and the presence of whale groups. However, the apparent effect was never
significant at the 5% level. This variable was therefore not included in the final models chosen to
describe the data. This decision should be reconsidered if more specific information about the timing and
locations of hunting becomes available, e.g., if the analysis is redone at some future time for years when
hunting activity is more specifically documented.

(g) No systematic attempt was made to see which, if any, of the covariates describing the distri-
bution of whale groups in the absence of seismic activity could be removed from the model. It was,
however, quite clear that considering the altitude of the survey aircraft did not significantly improve the
fit of the equation. This covariate was therefore not included in the final models chosen to describe the
data. In addition, some of the values for the bottom slope covariate were questionable given the limita-
tions of the available bathymetric data. When all of the bottom slope covariates were removed from
models the change in fit was not significant at the 5% level. Consequently, this covariate was also
omitted from the final models chosen to describe the data. In future analyses, it may be appropriate to re-
compute the bottom slope over a spatial scale other than the 200 x 200 m used here, and then reconsider
whether bottom slope is a useful predictor of bowhead sightings.

The outcome, after dealing with the considerations described by (a) to (g), was that two models were
finally chosen to describe the data. These models assumed that seismic effects might extend as far as 70 km
in each direction. They included quadratic terms for seismic effects, scaled using the activity levels 0, with
the hunting, altitude, and bottom slope covariates omitted. One of the models included the covariates for the
0-1 hour seismic effect and the other included the covariates for the 12-24 hour seismic effects.

As discussed elsewhere in this report, the resulting preliminary models are of value primarily in
indicating how such an analysis can be approached. Some of the specific results concerning relationships
of whale sightings to natural and human-activity variables are likely meaningful. However, some other
results probably are confounded by various data and model limitations, and it is not always clear which
results are confounded in these ways. Inclusion of data from additional years, combined with further
refinements of the modeling, would help resolve uncertainties and refine model predictions.

Natural and Sightability Covariates

The estimated parameters for the models are provided in Table 6 (0-1 h seismic effect) and Table 7 (12-
24 h seismic effect). Considering the results for both models, it should be noted that most of the coefficients of
the natural and sightability covariates are not significant at the 5% level. This suggests that the models could
be simplified by removing some non-significant covariates. Natural and sightability covariates should be
investigated further in the future, taking into account the fact that the apparent statistical significance of
individual covariates depends very much on the presence or absence of other intercorrelated covariates in the
model, and on the estimated heterogeneity factor. As noted above, the reliability with which the heterogeneity
factor is estimated also needs further investigation. Nonetheless, the models provide indications concerning
which natural and sightability covariates influenced the expected number of bowhead sightings in the 5-km
sample units. Model results, organized by Objective number, are presented below.
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TABLE 6. Estimates of Poisson regression coefficients for the model with 0-1 h seismic effects.
P-values < 0.05 marked with * and boldface parameter name.

Parameter® Estimate Standard Error t-statistic® P-value
Constant -2.510400 1.740070 -1.44 0.149
SurTp 2 0.762025 0.281118 2.71 0.007 *
Year 2 -0.307998 1.791380 -0.17 0.863
Year 3 -1.019860 1.761680 -0.58 0.563
DShr1.Year 1 -0.035925 0.092264 -0.39 0.697
DShr1.Year 2 0.096411 0.050710 1.90 0.057
DShr1.Year 3 0.035156 0.035124 1.00 0.317
DShr2.Year 1 -0.002716 0.001910 -1.42 0.155
DShr2.Year 2 -0.003162 0.000993 -3.19 0.001 *
DShr2.Year 3 -0.001126 0.000521 -2.16 0.031 *
Long1.Year 1 -0.260830 0.321399 -0.81 0.417
Long1.Year 2 0.113791 0.176704 0.64 0.520
Long1.Year 3 0.014876 0.101504 0.15 0.883
Long2.Year 1 -0.015655 0.027957 -0.56 0.576
Long2.Year 2 0.005244 0.012273 0.43 0.669
Long2.Year 3 0.000922 0.008718 0.11 0.916
DSLg.Year 1 0.002628 0.010276 0.26 0.798
DSLg.Year 2 -0.011674 0.005204 -2.24 0.025 *
DSLg.Year 3 0.000232 0.002410 0.10 0.923
WDth1.Year 1 0.013333 0.037803 0.35 0.724
WDth1.Year 2 -0.034864 0.016837 -2.07 0.038 *
WDth1.Year 3 -0.002911 0.005493 -0.53 0.596
WDth2.Year 1 -0.000061 0.000140 -0.44 0.663
WDth2.Year 2 0.000016 0.000024 0.67 0.505
WDth2.Year 3 0.000002 0.000002 1.00 0.319
IC1.Year 1 0.049947 0.055492 0.90 0.368
IC1.Year 2 -0.168738 0.257112 -0.66 0.512
IC1.Year 3 0.726140 1.063960 0.68 0.495
IC2.Year 1 -0.000468 0.000516 -0.91 0.364
IC2.Year 2 0.001619 0.002619 0.62 0.537
IC2.Year 3 -0.090466 0.173267 -0.52 0.602
DWS1.Year 1 -0.136077 0.214491 -0.63 0.526
DWS1.Year 2 0.018454 0.060028 0.31 0.759
DWS1.Year 3 0.027749 0.052482 0.53 0.597
DWS2.Year 1 -0.006967 0.007803 -0.89 0.372
DWS2.Year 2 -0.001177 0.001323 -0.89 0.374
DWS2.Year 3 -0.000841 0.000983 -0.86 0.392
DWLg.Year 1 0.004390 0.022251 0.20 0.844
DWLg.Year 2 -0.004032 0.005991 -0.67 0.501
DWLg.Year 3 -0.003000 0.003080 -0.97 0.330
DWDS.Year 1 0.010260 0.005889 1.74 0.081
DWDS.Year 2 0.001252 0.001498 0.84 0.403
DWDS.Year 3 0.000159 0.000791 0.20 0.841
SeaSt1 -0.320863 0.264711 -1.21 0.225
SeaSt2 0.019881 0.040254 0.49 0.621

Vis1 0.750959 0.408591 1.84 0.066
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TABLE 6. Continued.

Parameter® Estimate Standard Error t-statistic® P-value
Vis2 -0.132814 0.085293 -1.56 0.119
BO1 -1.979920 0.824200 -2.40 0.016 *
E1 0.041653 0.025435 1.64 0.101
N1 0.106996 0.061510 1.74 0.082
EN1 -0.001433 0.000921 -1.56 0.120
EE1 -0.000116 0.000307 -0.38 0.706
NN1 -0.001239 0.001159 -1.07 0.285

? Abbreviations for the covariates are as follows: SurTp2 = Survey Type 2, an effect for an MMS survey instead
of an LGL survey; Yeari = Year i, an effect for the year i, with i = 1, 2 or 3; DShri = (Distance to Shore)', where i
=1 or 2; Longi = (Longitude)’, where i = 1 or 2; DSLg = (Distance to Shore)*(Longitude); WDthi = (Water
Depth)i, wherei=1or2;ICi= (Ice Cover)i, where i = 1 or 2; DWS/ = (Day Within the Season)i, where i =1 or 2;
DWLg = (Day Within the Season)*(Longitude); DWDS = (Day Within the Season)*(Distance to Shore); SeaSti =
(Sea State)i, where i =1 or 2; Visi = (Visibility)i, fori=1 or 2; B01 is the constant term for the period 1 (0-1 hour)
seismic effect, and E1, N1, EN1, EE1 and NN1 represent the linear product and squared terms E, N, EN, E2,
and N? for the seismic effect in the same interval. The longitude variable used was from a base reference to
150°W for the regression analysis.

® The t-statistics are the estimates divided by the standard errors. P-values are probabilities that t-statistics
would be as far from zero as estimated by the model if the true value of the coefficient is zero. Because of the
large number of residual degrees of freedom, these probabilities are calculated using the normal distribution.

Natural Covariates

Based on the Poisson regression models, the natural covariates that were significant (at least in one
survey year) at the 5 % level included distance from shore, the interaction of distance from shore and
longitude, and water depth.

Objective 13: Influence of Specific Natural Factors.—Objective 13 was to quantify the probabil-
ity of observing bowheads relative to percent ice cover, distance from shore, bottom slope, water depth,
longitude, date within season, and year (along with some other covariates described later under “Sight-
ability”). The models suggest that, after allowance for the effects of other covariates, distance from shore
and water depth were significantly (P < 0.05) related to the expected number of bowhead sightings in
particular 5-km sample units during at least one of the three years considered. In contrast, there were no
obvious relationships between bowhead occurrence and any of the following: percent ice cover, bottom
slope, date within season, and year. It should be noted that, for each covariate summarized below, the
results are based on the overall multivariate models, and represent apparent effects after allowance for all
other variables. The simple bivariate relationship between any given variable and bowhead occurrence is
not necessarily the same as the relationship after allowance for other factors.

e Percent ice cover was not significantly related to the expected number of bowhead sightings in
any survey year. There was ‘moderate’ ice cover in 1996 (classified by MMS as a “light ice
year”) and almost no ice cover in 1997 and 1998 (Table 5). The inclusion of more years of data
in the analyses may refine the relationship between ice cover and expected number of bowhead
sightings.

e [t appears that the covariate distance from shore (quadratic terms) was significantly related to the
expected number of bowhead sightings in at least one survey year (1997) and perhaps in 1998 as
well. The models suggest that more sightings are expected at some intermediate distance from
shore as compared with close to and far from shore.
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TABLE 7. Estimates of Poisson regression coefficients for the model with 12-24 h seismic effects.
P-values < 0.05 marked with * and boldface parameter name.

Parameter @ Estimate Standard Error t-statistic ° P-value
Constant -2.274140 1.742960 -1.30 0.192
SurTp 2 0.633823 0.285303 2.22 0.026 *
Year 2 -0.424501 1.785170 -0.24 0.812
Year 3 -0.575392 1.760710 -0.33 0.744
DShr1.Year 1 -0.041585 0.092538 -0.45 0.653
DShr1.Year 2 0.095655 0.050741 1.89 0.059
DShr1.Year 3 0.020871 0.035630 0.59 0.558
DShr2.Year 1 -0.002772 0.001935 -1.43 0.152
DShr2.Year 2 -0.003121 0.000990 -3.15 0.002 *
DShr2.Year 3 -0.000988 0.000525 -1.88 0.060
Long1.Year 1 -0.214521 0.321134 -0.67 0.504
Long1.Year 2 0.108006 0.177878 0.61 0.544
Long1.Year 3 -0.011148 0.096716 -0.12 0.908
Long2.Year 1 -0.019323 0.027953 -0.69 0.489
Long2.Year 2 0.006407 0.012306 0.52 0.603
Long2.Year 3 -0.001645 0.008757 -0.19 0.851
DSLg.Year 1 0.002507 0.010417 0.24 0.810
DSLg.Year 2 -0.011667 0.005187 -2.25 0.024 *
DSLg.Year 3 0.000696 0.002404 0.29 0.772
WDth1.Year 1 0.009186 0.036678 0.25 0.802
WDth1.Year 2 -0.036141 0.017118 -2.11 0.035 *
WDth1.Year 3 -0.003553 0.005670 -0.63 0.531
WDth2.Year 1 -0.000045 0.000131 -0.35 0.730
WDth2.Year 2 0.000016 0.000021 0.77 0.442
WDth2.Year 3 0.000002 0.000002 1.05 0.294
IC1.Year 1 0.036653 0.056611 0.65 0.517
IC1.Year 2 -0.170215 0.257461 -0.66 0.509
IC1.Year 3 0.709008 0.998320 0.71 0.478
IC2.Year 1 -0.000394 0.000522 -0.76 0.450
IC2.Year 2 0.001632 0.002622 0.62 0.534
IC2.Year 3 -0.078083 0.156661 -0.50 0.618
DWS1.Year 1 -0.084858 0.225493 -0.38 0.707
DWS1.Year 2 0.015707 0.059234 0.27 0.791
DWS1.Year 3 0.008994 0.051364 0.18 0.861
DWS2.Year 1 -0.008203 0.008056 -1.02 0.309
DWS2.Year 2 -0.001142 0.001325 -0.86 0.389
DWS2.Year 3 -0.000625 0.000958 -0.65 0.514
DWLg.Year 1 0.002997 0.022807 0.13 0.895
DWLg.Year 2 -0.003964 0.006054 -0.65 0.513
DWLg.Year 3 -0.002690 0.003045 -0.88 0.377
DWDS.Year 1 0.010674 0.005969 1.79 0.074
DWDS.Year 2 0.001267 0.001510 0.84 0.401
DWDS.Year 3 0.000350 0.000787 0.44 0.656
SeaSt1 -0.357062 0.267062 -1.34 0.181
SeaSt2 0.023285 0.040898 0.57 0.569

Vis1 0.788518 0.411917 1.91 0.056
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TABLE 7. Continued.

Parameter @ Estimate Standard Error t-statistic ° P-value
Vis2 -0.135382 0.085833 -1.58 0.115
B06 -3.803980 1.235630 -3.08 0.002 *
E6 0.083394 0.036965 2.26 0.024 *
N6 0.202932 0.088693 2.29 0.022 *
ENG6 -0.002422 0.001228 -1.97 0.049 *
EE6 -0.000345 0.000391 -0.88 0.377
NN6 -0.002604 0.001631 -1.60 0.110

@ Abbreviations are as for Table 6, except that the seismic variables B06, E6, N6, ENG, EE6 and NNG are for
seismic surveys during the period 12-24 hours before the aerial survey

® See footnote b in Table 6.

e Bottom slope was not significantly related to the expected number of bowhead sightings and this
covariate was excluded from the final models. It is recommended (see Discussion) that the
method for deriving bottom slope values should be revisited in future analyses.

o The models suggest that water depth, at least in 1997, was negatively related to the expected
number of bowhead sightings. Fewer bowhead sightings were expected in deep than in shallow
waters, other factors being equal.

e Date within season was not significantly (at the 5 % level) related to the expected number of
bowhead sightings in any survey year.

o The factor year was also not significantly related to the expected number of sightings. This
suggests that, after accounting for other covariates, there was no overall difference in expected
bowhead numbers from year to year. This result, along with the lack of significance for date
within season, should be treated cautiously given the limited number of survey years included in
the analyses.

e Although the covariate longitude by itself (linear and quadratic terms) was not significantly
related to the expected number of bowhead sightings in any particular survey year, its interaction
with distance from shore was significant, at least in 1997. The negative coefficient (Tables 6 and
7) for this interaction suggests that more bowhead sightings would be expected close to shore in
the western portion of the study area.

Objective 15: Distance from Shore vs. Date—This objective concerned whether there was vari-
ation, over the duration of the migration season, in the typical distances offshore. The models suggest
that the expected number of bowhead sightings in 1996-98 was not significantly (at the 5 % level) related
to the interaction between distance from shore and date within season. However, in 1996, the interaction
term approached statistical significance (Tables 6, 7). Once again, the analysis of more years of data
would likely refine this relationship, as would the inclusion of data from a broader range of dates. (For
1996-98, there were almost no data from August.)

Objective 16: Longitude vs. Date—This objective concerned whether the peak probability of
observing bowheads occurs progressively later in the season with increasing longitude. The models
suggest that the interaction between date within season and longitude was not significantly (at the 5 %
level) related to the expected number of bowhead sightings in 1996-98. Based on the results of the
preliminary models in this study, we would accept the null hypothesis that peak number of bowhead
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sightings does not occur progressively later in the season with increasing longitude. However, these
results should be treated with caution given the preliminary nature of the models, the limited number of
years considered, and the lack of early-mid August data. The distribution patterns shown in Figure 2 are
suggestive of the westward seasonal progression that is known to exist.

Sightability Covariates

Objective 13 was to quantify the probability of observing bowheads relative to sea state, visibility,
survey altitude, and aircraft type / survey type (MMS Twin Otter vs. LGL Twin Commander), as well as
other “natural” factors described above. Based on the Poisson regression models, the only sightability
covariate that was significant at the 5 % level (after allowance for other variables) was survey type,
although the association with visibility was close to significant at the 5 % level.

e The models suggest that neither sea state nor visibility was significantly related (at the 5 % level)
to the expected number of bowhead sightings. However, there was a nearly-significant positive
relationship between visibility and bowhead sightings (P = 0.066 and P = 0.056, depending on
interval since seismic). Also, the “association” between sea state and bowhead sightings was
negative, as expected, though not very strong. The low degree of association between these two
variables and bowhead sightings was unexpected, especially considering that the data analyzed in
the Poisson regression models included sightability conditions that ranged from very poor (i.e.,
high sea states and low visibility) to good and excellent.

e Survey altitude was not significantly related to the expected number of bowhead sightings; this
covariate was dropped from the final models as it clearly did not improve model fit.

e The covariates aircraft type and survey type are essentially the same variables given the consis-
tent use of two different aircraft types by LGL and MMS during 1996-98. “Aircraft type” was
not included in the final models but “survey type” was significantly related to the expected
number of bowhead sightings in a sample unit. The models suggested that there tended to be
significantly more bowhead sightings per sample unit during MMS than LGL surveys.

Sample Model Predictions

Figure 2 demonstrates the ability of the model to represent the nearshore migration corridor of
bowhead whales and the temporal progression of the fall 1998 bowhead whale migration from east to
west. (Similar maps for 1996 and 1997 are found in Appendix E.) Figure 2 shows the expected number
of sightings per 5-km sampling unit at four times during the 1998 fall season, assuming no seismic
activity, no ice, Beaufort state 3, and excellent visibility. Based on the Poisson regression model, early in
the 1998 fall migration period (1 Sep; Fig. 2A), expected bowhead sightings are distributed evenly from
the U.S./Canada border to Barrow in relatively low numbers close to the coast. As the season progresses
(15 Sep and 1 Oct), expected numbers of bowhead sightings increase in the west and decrease in the east
(Fig. 2B, C). Late in the migration season (15 Oct), very few sightings are expected east of Prudhoe Bay;
more sightings are expected to occur near Barrow than farther east, but even near Barrow the expected
number of sightings is reduced as compared with earlier in the autumn (Fig. 2D).

Human Activities

The Poisson regression models, although preliminary in nature, demonstrate an approach useful for
this type of analysis, and indicate how (and if) seismic and whaling activity influenced the expected
number of bowhead sightings in a sample unit. As previously mentioned, interpretations of the results
should take into account the fact that the apparent significance of individual covariates depends very
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much on the estimated heterogeneity factor. The reliability with which this factor is estimated needs
further investigation.

Seismic Surveys

The Poisson regression analyses suggest that seismic activity affected the number of bowhead
sightings expected in a sample unit. We considered seismic activity during time periods 0-1, 1-2, 2-3,
3-6, 6-12, and 12-24 hours before the aerial survey of the transect segment in question, and also during
the combined “0-3 h before” period. The best model fits occurred when we considered the seismic
activity 0-1 h and 12-24 h before aerial surveys. As such, two final Poisson models were used, those
including the seismic terms for the ‘0-1 h’ and ‘12-24” seismic effects.

These models, in part, address Objective 1 concerning seismic effects on bowhead distribution, and
Objective 3 concerning the possible mitigation of seismic effects by intervening shallow water (“acoustic
barrier”). For both models, it was found that inclusion of a scaling factor for an “acoustic barrier” (shal-
low water) between the seismic vessel and the sample unit did not improve model fit. Therefore, the
acoustic barrier factor was excluded from the final models. We recommend revisiting the approach to
generating and including this acoustic barrier measure in potential future models, and cannot confidently
reject or accept the null hypothesis presented in Objective 3.

0-1 h Seismic Effect—Considering the amount of seismic activity 0-1 hour before aerial surveys,
the only seismic term that was significant was BO1 (P = 0.016; Table 6). That term is essentially an
indicator whether seismic occurred or not, and does not account for distance from the seismic source(s).
Although the other five seismic terms were not significant at the 5 % level, these terms still contributed to
the overall fit of the model.

Figure 3 shows an example of the predicted effects of seismic activity occurring 0-1 hour before
the aerial survey (in 1998) on the expected number of bowhead sightings. (Similar maps for 1996 and
1997 are found in Appendix E.) In Figure 3B, the seismic source was assumed to be operating near
Prudhoe Bay for the complete one-hour period on 15 Sep. Relative to an otherwise comparable period
when no airguns were operating (Fig. 3A), the expected numbers of bowhead sightings are reduced near
the seismic source. There are also two areas where the expected numbers of sightings are increased; these
areas are northwest and northeast of the seismic source (Fig. 3B vs. 3A).

12-24 h Seismic Effect—Considering the amount of seismic activity 12-24 h before aerial surveys,
the estimates for four of the six seismic coefficients are significant at the 5 % level, with the squared
terms being non-significant (Table 7).

Figure 4 shows an example of the predicted effects of seismic activity that had occurred 12-24 h
before the aerial survey (in 1998) on the expected number of bowhead sightings. (Similar maps for 1996
and 1997 are found in Appendix E.) In Figure 4B, the seismic source was assumed to be operating near
Prudhoe Bay for the complete period 12-24 hours before the survey on 15 Sep. Relative to an otherwise
comparable period when no airguns were operating (Fig. 4A), the expected numbers of bowhead sightings
are reduced near the seismic source (Fig. 4B).

Subsistence Hunting

The Poisson regression analyses indicated that subsistence hunting, as “quantified” here, did not
significantly influence the number of bowhead sightings. The hunting variable was not included in the
final models as it did not significantly improve model fit. It is noteworthy that the estimated coefficients
for this covariate were always positive, indicating a possible positive association between hunting and the
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FIGURE 2. Distribution of expected number of bowhead whale sightings (per 5 km transect segment) on
(A) 1 Sep, (B) 15 Sep, (C) 1 Oct, and (D) 15 Oct 1998. Expected numbers of sightings are based on the
estimated coefficients of the Poisson regression model (12-24 h ‘version’, but assuming no seismic
activity), and the additional assumptions that there was no ice, Beaufort state was 3, and visibility was

excellent.
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presence of whale groups. However, this effect was never significant at the 5 % level. A positive effect,
if real, might be indicative of a tendency for hunting to occur in areas and at dates when bowhead abun-

dance tends to be high, which is not surprising.
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FIGURE 3. Distribution of expected number of bowhead whale sightings (per 5 km transect segment) in
1998 when (A) no seismic activity occurred during the hour before aerial surveys and when (B) a seismic
source near Prudhoe Bay was active for the full hour before aerial surveys. Expected numbers of
sightings are based on the estimated coefficients of the Poisson regression model (0-1 h ‘version’) and
the assumptions that the date was 15 Sep 1998, there was no ice, Beaufort state was 3, and visibility was

excellent.
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FIGURE 4. Distribution of expected number of bowhead whale sightings (per 5 km transect segment) in
1998 when (A) no seismic activity occurred 12-24 h before aerial surveys and when (B) a seismic source
near Prudhoe Bay was active 12-24 h before aerial surveys. Expected numbers of sightings are based
on the estimated coefficients of the Poisson regression model (12-24 h ‘version’) and the assumptions
that the date was 15 Sep 1998, there was no ice, Beaufort state was 3, and visibility was excellent.
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Analysis of Bowhead Headings

The circular randomization test was done to compare headings of traveling bowhead whales during
periods with and without the presence of seismic activity at various distances east and west of the seismic
operation (see Methods). The test was run with 50,000 randomizations, which is sufficient to determine
P-values accurately (Manly 1997, Section 5.3). Table 8 shows the results obtained. The differences in
mean heading during seismic minus the non-seismic periods are negative for the first two distance classes
(30+ km east), but positive for all other classes, although only marginally so for whales >60 km west of
the source. The differences for the individual distance classes are not significant at the 5 % level,
although they are close to this for the first two distance classes. Nevertheless, the sum of the absolute
differences is significant (P = 0.014). The conclusion from the test must therefore be that, overall, there is
evidence that the mean heading is not the same for whales with and without the presence of seismic
activity, but that the differences for the individual distance classes are not sufficient to give clear evidence
of a mean difference for any particular class.

TABLE 8. Results from the circular randomization test on headings of “traveling” bowhead whales
observed with and without the presence of seismic activity.

Non-Seismic Seismic

Distance Class Relative to No. of Mean No. of Mean
the Seismic Source Whales  Heading Whales Heading Difference P-value
> 60 km East 4 15.0 6 275.8 -99.2 0.059
< 60 to 30 km East 11 333.5 20 288.2 -45.3 0.079
<30 to > 0 km East 66 286.3 15 308.2 21.9 0.128
0 to 30 km West 49 292.6 16 312.6 19.9 0.151
> 30 to 60 km West 41 291.6 10 309.8 18.2 0.226
> 60 km West 21 297.6 15 296.4 -1.3 0.944
Sum of Absolute Differences 205.8 0.014

DISCUSSION
Natural Factors

Many natural or environmental factors are known or expected to influence the distribution of
migrating bowhead whales, or the probability of detecting them, or both. Objectives 13 (in part), 15, and
16 address the potential influences of natural factors on the number of bowhead sightings.

Objective 13 was to quantify the probability of observing bowheads relative to percent ice cover,
distance from shore, bottom slope, water depth, longitude, date within season, and year (along with some
“Sightability” covariates). The preliminary Poisson models suggest that, after allowance for the effects of
other covariates, distance from shore and water depth were significantly related to the number of bowhead
sightings during at least one of the three years considered. In contrast, there were no statistically signif-
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icant relationships between bowhead occurrence and any of the following: percent ice cover, bottom
slope, date within season, and year. As noted in the “Results”, for each covariate, the results are based on
the overall multivariate models, and represent apparent effects after allowance for all other variables.
Most previous studies have been based on simple bivariate relationships between bowhead occurrence
and environmental, geographic, or temporal variables considered one at a time. Those bivariate relation-
ships did not take account of possible confounding by other simultaneously-varying factors. As a result,
it is not surprising that there would be some differences between the results of bivariate analyses describ-
ed in earlier work as compared with our results concerning relationships after allowance for other factors.

Percent ice cover was not significantly related to the expected number of bowhead sightings in any
of the three survey years considered here. Other studies, based on more years of data but not using
multivariate methods, have found that bowhead whale distribution in the Alaskan Beaufort Sea is related
to ice cover (Moore and DeMaster 1998; Moore 2000; Moore et al. 2000). Based on aerial survey data
from 1982 to 1991, bowheads apparently tended to “select” open-water/light ice cover in late summer and
autumn (Moore et al. 2000). However, bowheads are sometimes seen amidst the pack ice in autumn, and
satellite-monitored bowheads (juveniles) are known to migrate through ice cover of 50 to >90 % during
fall (Mate et al. 2000). Also, the bowhead migration corridor through the Alaskan Beaufort tends to be at
significantly different distances from shore in different years, depending on the overall amount of pack
ice present (Treacy 2002a). The corridor tends to be farthest offshore in heavy ice years, closest to shore
in light ice years, and at intermediate distances in moderate ice years. During the three years considered
in this study, there was almost no ice cover in 1997 and 1998, and (by our interpretation) ‘moderate’ ice
cover in 1996. [1996 was classified as a “light ice year” by MMS.]

During aerial surveys for bowhead whales, the lateral distance where sighting probability is
optimal declines with increasing ice cover (Thomas et al. 2002). It is probable that, during heavy ice
conditions, a lower proportion of the bowheads present are detected by aerial observers. That could tend
to confound the findings of Moore et al. (2000), which suggested a tendency to prefer open-water/light
ice. In any case, the inclusion of more years of data in analyses similar to those done during this study
would be helpful in refining the understanding of relationships between ice cover and the expected
number of bowhead sightings. In particular, it would be helpful to include more data from years or times
with substantial ice cover.

Distance from shore was significantly related to the expected number of bowhead sightings in
1997, and marginally so in 1998 as well (see Tables 6, 7). The models show that, in those years, more
sightings occurred at intermediate distances from shore as compared with close to and far from shore.
This pattern is evident from the positive coefficient associated with the linear “distance from shore” term
combined with the negative coefficient associated with the quadratic term. These results from 1997-98
are consistent with what one would expect, given the known tendency for the bowhead migration corridor
to be concentrated over the middle and outer continental shelf, at least in years with low to moderate ice
cover (Treacy 2002a).

Bottom slope was not significantly related to the expected number of bowhead sightings and this
covariate was excluded from the final models. However, the possibility of a relationship with bottom
slope should be revisited in future analyses after revising the method for deriving bottom slope values.
We calculated bottom slope for 200 x 200 m cells, but the available bathymetric data are much coarser-
scale than that over most of the study area. In retrospect, more meaningful estimates of bottom slope
probably could be obtained by considering the slope across a larger grid cell.
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In some studies of other whale species, associations with bottom slope have been found (e.g.,
Kenney and Winn 1987; Cafiadas et al. 2002). Associations with bottom slope may be less likely for
bowheads during autumn migration than for other species that were feeding. However, bowheads often
feed during autumn migration across the Alaskan Beaufort Sea (Richardson and Thomson [ed.] 2002;
Treacy 2002b). Hence, it is possible that linkages between bottom slope and food availability to
bowheads could result in correlations between bottom slope and probability of bowheads being present.

Water depth, at least in 1997, was negatively related to the expected number of bowhead sightings
(Tables 6, 7). There were fewer bowhead sightings in deep than in shallow water, other factors being
equal. This was to be expected based on previous studies, especially for years like 1996-98 when ice
conditions were light to (at most) moderate. In such years, peak bowhead abundance would be expected
to occur relatively close to shore and at relatively shallow water depths, and that was indeed observed in
1996-98 (Treacy 2002a). In fact, one might have expected a stronger and more consistent (across years)
tendency for reduced sighting probability in deep water than was evident in our multivariate models,
possibly coupled with a tendency for more sightings at intermediate than shallow depths. However, for
the Alaskan Beaufort Sea, water depth is strongly correlated with distance from shore. We have not
specifically investigated the effects of the intercorrelation of these two covariates on their respective
bivariate vs. multivariate associations with bowhead sightings. However, it is to be expected that the way
in which one of these closely-related covariates is incorporated into the model would affect how the other
is represented in the model.

Date within season was not significantly (at the 5 % level) related to the expected number of
bowhead sightings in any of the three survey years considered here. This was surprising, given the
known tendency for bowhead migration across the Alaskan Beaufort Sea to peak during mid-September
through early October, with lesser numbers during the earlier and later parts of the season. The lower-
than-anticipated degree of association between bowhead sightings and date was presumably related at
least in part to two things:

o The aerial surveys in 1996-98 did not begin before late August, and relatively little aerial survey
work was done in mid-to-late October. If the surveys had been more evenly spaced across the
full bowhead migration period in August through October, a stronger association with date prob-
ably would have been evident (e.g., Miller et al. 2002).

e MMS tends to concentrate their aerial survey work in the eastern and central part of the Alaskan
Beaufort during the early part of the migration season, and in the central and western Alaskan
Beaufort toward the end of the season. Given the westward progression of the migration, this
survey pattern would tend to dampen out the seasonal trend in bowhead sighting rates.

Also, even though the associations between date and sighting rate were not significant, for 2 of the 3 years
studied (1997 and 1998) the coefficients on the linear and quadratic functions of “date” were positive and
negative, respectively. This pattern of coefficients is consistent with increasing sighting rates during the
early part of the season, transitioning to decreasing rates during the latter part of the season.

Year was also not significantly related to the expected number of sightings. This suggests that,
after accounting for other covariates, there was no overall difference in expected bowhead numbers from
year to year within the 1996 to 1998 period. This result, along with the lack of significance for date
within season, should be treated cautiously given the limited number of survey years include